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Biological invasions represent a significant threat to the Earth’s biota, including freshwater 
ecosystems. Whilst various studies have been conducted on invasive species in the hopes of 
establishing a set of general guidelines to facilitate our understanding of the invasion pathway and 
the features (organismal or environmental) that may assist in a species’ invasion success, 
predictions and generalisations remain challenging and limited. While general guidelines and 
unified frameworks are essential in furthering our understanding of biological invasions, exploring 
the genetic and phenotypic variation in a species and the influence of extrinsic factors during 
adaptation to novel environments could provide insight into a species’ invasion success. By 
utilising an array of methods, spanning different disciplines, this dissertation evaluates the 
potential mechanisms driving a species’ invasive success using the smallmouth bass, Micropterus 
dolomieu, as model organism. First, I attempt to unravel the role of genetic diversity in a species’ 
invasive success, by assessing the genetic differentiation and diversity within M. dolomieu 
populations in the invaded South African (SA) range, and examine how the genetic diversity may 
change over time in both native (USA) and invasive ranges (Chapter 2). By conducting a three-
way comparison on two mitochondrial (mtDNA) and nine microsatellite loci for a total of 572 M. 
dolomieu specimens, representing the contemporary invasive SA range, contemporary native USA 
range and the historic native USA range (dating back to the period of introduction into SA), I 
reveal the presence of elevated levels of genetic diversity for the invasive SA range. The levels of 
genetic diversity for both the contemporary native and invasive ranges are, however, substantially 
lower than those of the historic native range, suggesting that both contemporary populations 
experienced a recent genetic bottleneck followed by a rapid population expansion.  
As admixture, and more specifically introgressive hybridisation, may contribute to these 
elevated levels of genetic diversity observed within the invaded SA range, I subsequently test the 
hypothesis that hybridisation and introgression can occur between two invasive species in a novel 
invaded range (Chapter 3). Using two notorious freshwater invaders (M. dolomieu and M. 
salmoides), I assess the level of introgressive hybridisation between the two species, using two 
mtDNA and nine microsatellite loci. Despite large uncorrected pairwise distances being observed 
between the two species, unidirectional mitochondrial introgression was detected, suggesting that 
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introgressive hybridisation may play a pivotal role in the successful establishment and spread of 
alien invasive species upon introduction.  
The remaining chapters focus on the role of morphological variation in response to 
environmental variation in the novel invaded range. First, I test the hypothesis that environmental 
variation drives morphological changes in phenotype (Chapter 4). Analyses of linear and 
geometric morphometrics, as well as environmental variables, show a strong correlation between 
body depth and flow regime, with streamlined fish inhabiting high-flow environments. In addition, 
the presence of variation in gape size among localities suggests a link between cranial morphology 
and prey composition associated with substrate type. These results support the idea that similar 
environments have convergent phenotypes and highlight the importance of phenotypic plasticity 
in facilitating the successful colonisation, establishment and spread of invasive species.  
However, as gene flow may erase phenotypic variation associated with plasticity, I 
continue by exploring the genetic basis to local adaptation (Chapter 5). By combining linear 
morphometrics and genotypic data, I demonstrate slight population structuring among sampled 
localities, corresponding to three distinct sections of the river (i.e., tributary, impoundment and 
mainstem). However, the presence of high levels of gene flow observed among populations 
suggesting that both local adaptation and phenotypic plasticity may play a key role.  
In conclusion, M. dolomieu appears to be a successful invader that fully exploits genetic 
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Biological invasion, a process whereby the Earth’s biota is being homogenised (Elton 
1958), is a leading threat to global biodiversity (Lodge 1993; Vander Zanden et al. 2004). 
Induced by human-mediated dispersal and global environmental change (Moyle & Light 1996; 
Heger & Trepl 2003; Wilson et al. 2009; Ricciardi & MacIsaac 2011; Ferrari et al. 2014), 
biological invasions represent a significant threat, particularly to freshwater ecosystems 
(Dudgeon et al. 2006; Ricciardi 2007; Blanchet 2012; Arismedi et al. 2014), though in most 
instances, successful invaders were intentionally introduced due to their perceived benefit to 
society (García- Berthou 2007; Leprieur et al. 2009; Marr et al. 2010; Ehrenfeld 2010; 
Arismedi et al. 2014). A plethora of studies covering various research fields have been 
conducted on a variety of invasive species in the hopes of establishing a set of general 
guidelines to facilitate our understanding of the invasion pathway and the features (organismal 
or environmental) that may assist in a species’ invasion success (Kolar & Lodge 2001). 
Examples hereof include the intensity and frequency of propagule pressure (Lockwood et al. 
2005; Colautti 2005; Simberloff 2009), dispersal mechanisms and pathways (Wilson et al. 
2009) and genetic diversity (Lee 2002; Dlugosh & Parker 2008). In addition to these features, 
Blackburn et al. (2011) proposed a unified framework for biological invasions incorporating 
the stages of invasion, the potential barriers an invasive species needs to overcome during each 
stage to proceed to the next stage and the likely management strategies that may be employed 
to curb further invasion during each stage. Despite the progress made over the last 50 years, 
predictions and generalisations regarding a species’ invasive success remain challenging and 
limited (García- Berthou 2007; Leprieur et al. 2009), likely due to the diversity of systems and 
taxa considered (Gaither et al. 2013). 
 
Although general guidelines and unified frameworks are essential in furthering our 
understanding of biological invasions, exploring the genetic and phenotypic variation in a 
species and the influence of extrinsic factors during adaptation to novel environments could 
provide insight into a species’ invasion success. For instance, a loss in genetic diversity is often 
associated with founder effects and population bottlenecks (Mayr 1963) experienced by the 
introduced alien species in the novel range upon colonisation (Eales et al. 2010). Lessons from 
conservation genetics suggest that this loss may limit a populations’ ability to adapt in the novel 
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range, while the reduced population size simultaneously increases the risk of extinction 
(Allendorf & Lundquist 2003) and decreases the colonisation potential of the alien species 
(Reznick et al. 1997; Eales et al. 2010). However, founder effects may be countered via the 
presence of multiple genotypes within the introduced population, resulting from either multiple 
introductions (Kolbe et al. 2004) or the presence of an array of genotypes due to the admixed 
nature of the introduced population (Rius and Darling 2014). Beside genetic traits, rapid 
morphological adaptations (either phenotypic plasticity or local adaptation) to the novel 
environment have been suggested to play a key role in the successful establishment and 
subsequent spread of alien species in a novel environment (Agrawal 2001; Ghalambor et al. 
2007; Lucek et al. 2014). By rapidly remodelling and subsequently adapting the phenotype to 
the new optimum, morphological adaptations are thought to shield the small introductory 
populations from strong selection (Lee 2002; West-Eberhard 2003; Cerwenka et al. 2014), 
allowing alien species survival and establishment in the novel environment. 
 
South Africa, more specifically the Cape Fold Ecoregion (Abell et al. 2008; Ellender et 
al. 2017), is characterised by extensive freshwater fish diversity with high levels of endemism 
(Ellender et al. 2017). Ironically, the country is also recognised as a fish invasion hotspot 
(Leprieur et al. 2008), with 27 alien fish species being introduced into various freshwater 
ecosystems across the country (Ellender & Weyl 2014). Four of these species, namely 
Micropterus salmoides (largemouth bass), Micropterus floridanus (Florida largemouth bass), 
Micropterus dolomieu (smallmouth bass) and Micropterus punctulatus (spotted bass) 
belonging to the family Centrarchidae, have successfully established in South Africa (de Moor 
& Bruton 1988; Marr et al. 2017; www.invasives.org.za). While M. salmoides is recognised by 
the IUCN Global Invasive Species Database as one of the world’s 100 worst invasive alien 
species (www.iucngisd.org), and has consequently received considerable attention with regard 
to its invasive potential, M. dolomieu (Lacepède 1802), in contrast, remains relatively data 
poor. 
 
The freshwater genus Micropterus comprises eight recognised species and one 
subspecies (Figure 1.1; Lee et al. 1980; Bagley et al. 2011), all of which are endemic to North 
America (Lee et al. 1980). Micropterus dolomieu, in particular, is native to the southern parts 
of two Canadian provinces and 23 freshwater systems in the east-central parts of the United 
States of America, including the Great lakes (Loppnow et al. 2013). Currently recognised as 
an invasive species in at least 12 countries worldwide, M. dolomieu was initially introduced 
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into South Africa from the United States of America in 1937 for angling purposes (Loppnow 
et al. 2013). As a result of being a popular game fish around the world, most intentional and 
unintentional additional introductions have been caused by anglers (Skelton 2001; Loppnow et 
al. 2013).  
 
Figure 1.1. A reconstructed phylogeny of the recognised Micropterus taxa based on the results 
of Near et al. (2005) and Bagley et al. (2011). Red branches depict species that have invasive 
populations within North America while the red asterisks (*) represents the invasive 
Micropterus species found in South Africa.  
 
Smallmouth bass are generalist littoral predators, feeding mostly on small fish and 
crustaceans (Skelton 2001; Loppnow et al. 2013). As ecosystem engineers, they can alter the 
novel invaded habitat both directly and indirectly through predation on native fish species, 
competing for food and nesting sites, and altering the food web structure (Ellender et al. 2011; 
Ricciardi & MacIsaac 2011). Despite being recognised as one of the most successful non-native 
invaders in the Western Cape of South Africa (de Moor & Bruton 1988; Van der Walt et al. 
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2016), relatively few studies (neither in its native or invasive range) have been conducted on 
the invasive potential and impact of M. dolomieu, with most drawing their conclusions from 
studies conducted on the sister species, M. salmoides (see Loppnow et al. 2013). It is, however, 
known that M. dolomieu can invade and establish itself in a range of both natural and artificial 
water bodies (impoundments, rivers, tributaries and streams) spanning an array of aquatic 
ecoregions (Figure 1.2; Skelton 2001) in a very short period of time (Vander Zanden et al. 
2004; Stepien et al. 2007; Van der Walt et al. 2016). Due to the human facilitated movement 
of this species across the country to areas of recreational importance, M. dolomieu also spans 
a number of anthromes (Ellis & Ramankutty 2008). Furthermore, because M. dolomieu prefers 
flowing waters to stagnant pools, as is the case for M. salmoides, they are an ideal template 
taxon for elucidating the characteristics of invasiveness as their novel invaded range would 
likely be comprised of the full range of available habitats, ranging from natural headwater 
streams and mainstream rivers to artificial impoundments. 
 
 
Figure 1.2. The six aquatic ecoregions of southern Africa as suggested by Skelton (2001). The 
ovals denote the distribution of Micropterus dolomieu within South Africa, as illustrated by the 
dashed outline. Known M. dolomieu populations can be found within ecoregion 1, 3 and 6, as 
indicated by the asterisk (*) in the legend. Figure adapted from Skelton (2001). 
 
1 – Tropical east coast region* 
2 – Tropical interior region 
3 – Temperate region* 
4 – Montane-escarpment region 
5 – Cape fold mountains region* 
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By utilising methods that span the disciplines of ecology, molecular biology, population 
genetics and functional morphology, I evaluated the potential mechanisms driving a species’ 
invasive success using M. dolomieu as model organism. Firstly, I examined the temporal 
changes in genetic diversity by comparing historic and contemporary genetic data within the 
species’ native and invaded South African range to discern patterns of genetic variation when 
an alien organism is released into a novel environment (Chapter 2). Next, I tested the hypothesis 
that hybridisation and introgression can occur between two invasive species in a novel invaded 
range (Chapter 3), hereby assisting the invasive species in question to adapt to less favourable 
environments during the early stages of invasion. In Chapter 4, I assessed the morphological 
variation, and tested the hypothesis that environmental variation drives morphological changes 
in phenotype. These morphological changes are predicted to be due to phenotypic plasticity, 
but as gene flow plays an important role in driving phenotypic variation among populations, 
the genetic basis to local adaptation is investigated in Chapter 5. The final chapter, Chapter 6, 
is dedicated to summarising the main findings of this thesis and attempts to extrapolate these 
findings to other freshwater invaders, suggesting key features and traits that should be 






















CHARACTERISING THE GENETIC DIVERSITY OF MICROPTERUS DOLOMIEU IN ITS 






Genetic diversity has long been thought essential to an introduced species’ invasive 
success in the novel invaded range, with newly established populations often displaying low 
genetic diversity when compared to native populations. Reconstruction of the demographic 
history of an invasive species, by comparing genetic diversity levels across native and invasive 
ranges, is often used to delineate the most likely invasion scenario. Many studies, however, 
focus solely on contemporary samples, relying heavily on the premise that the historic 
population structure within the native range has been maintained over time. Instead, comparing 
historic and contemporary DNA may constitute a more powerful approach to detect recent 
demographic changes, as it allows for the monitoring of temporal changes in genetic diversity 
across generations. Using the invasive freshwater fish Micropterus dolomieu, introduced into 
South Africa in 1937, as model organism, I aim to (1) assess the genetic differentiation 
between- and genetic diversity within M. dolomieu populations in South Africa, (2) unravel 
how the genetic diversity changed over time in both native and invasive ranges, and (3) confirm 
the single historic introductory event for M. dolomieu into South Africa. A three-way 
comparison conducted on two mitochondrial- and nine microsatellite loci for a total of 572 M. 
dolomieu specimens, representing the contemporary invasive South African range, 
contemporary native USA range and the historic native USA range (dating back to the period 
of introduction into South Africa), revealed elevated levels of genetic diversity for the invasive 
South African range. The levels of genetic diversity for the contemporary native and invasive 
ranges were, however, substantially lower than those of the historic native range, suggesting 
that both contemporary populations experienced a recent genetic bottleneck. Furthermore, the 
invasive South African range displayed significant levels of population structure, while both 
historic and contemporary native USA populations revealed higher levels of admixture. 
Comparison of contemporary and historical samples revealed both a historic introduction of M. 
dolomieu, as well as a more recent introduction, thereby disproving the notion of a single 
introduction into the invaded South African range. Although multiple introductions might have 
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contributed to the high levels of genetic diversity in the invaded range, I discuss alternative 






Genetic diversity is essential to the invasive success of an introduced species in the 
novel invaded range (Kolbe et al. 2004; Gillis et al. 2009; Funk et al. 2011; Beneteau et al. 
2012; Rius & Darling 2014).It is generally assumed that a newly established population will 
have lower genetic diversity when compared to populations in the native range because of the 
small founding population size and genetic bottleneck experienced on arrival in the novel range 
(Mayr 1963; Nei et al. 1975; Roman & Darling 2007; Eales et al 2010, but see Lee et al. 2004; 
Novak & Mack 2005; Wares et al. 2005). The low genetic diversity is expected to have 
detrimental effects on the colonisation potential of the alien species (Reznick et al. 1997; Kolbe 
et al. 2004; Ficetola et al. 2008; Eales et al. 2010; Dormontt et al. 2014), ultimately leading to 
a decrease in population fitness and adaptability to the invaded range (Nei et al. 1975; Keller 
& Waller 2002; Guinard et al. 2003; Rius & Darling 2014). Indeed, a meta-analysis by 
Dlugosch & Parker (2008) on 80 plant, animal, and fungi species, revealed that genetic 
diversity does decrease during an invasion. However, the decrease in genetic diversity can be 
attributed to the loss in allelic diversity rather than the loss of heterozygosity (Dlugosch & 
Parker, 2008). Heterozygosity, defined as the number of heterozygous individuals at a locus, 
and allelic diversity (i.e. allelic richness), defined as the number of alleles representing a locus, 
are often used to measure genetic variation (Allendorf 1986). Though the former measure has 
been used more extensively than the latter, heterozygosity measures are also relatively 
insensitive to the real number of genotypes present at a particular locus (Allendorf 1986; Petit 
et al. 1998). This is because rare alleles are often not accounted for when calculating 
heterozygosity measures, as explained by Allendorf (1986). Hence, allelic richness is thought 
to be a better measure for portraying a populations’ long-term evolutionary potential (Allendorf 
1986; Petit et al. 1998; Leberg 2002).  
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The loss of genetic diversity in the novel invaded range can, however, be circumvented 
through two non-mutually exclusive mechanisms, namely propagule pressure and admixture 
(Dlugosch & Parker 2008; Wilson et al. 2009; Dlugosch et al. 2015; Naccarato et al. 2015). On 
the one hand, propagule pressure (Simberloff 2009; Wilson et al. 2009) can increase genetic 
diversity through either multiple introductions or a single introduction comprising many 
individuals (Kelly et al. 2006; Dlugosh & Parker 2008; Simberloff 2009; Bouchard et al. 2011). 
On the other hand, admixture via hybridisation (both intra- and interspecific) allows novel 
allelic combinations to be generated (Kelly et al. 2006; Rius & Darling 2014). This, in turn, 
leads to an increase in short-term population fitness via heterosis, otherwise known as hybrid 
vigour (i.e. hybrid offspring displaying phenotypic superiority over parents) as well as 
increased adaptive potential (Rius & Darling 2014; Dlugosh et al. 2015), ultimately facilitating 
the species’ invasion success (Kelly et al. 2006; Dlugosh et al. 2015). While some species 
maintain their genetic diversity levels through these mechanisms, others display elevated levels 
of genetic diversity when compared to the native range (Roman & Darling 2007; Dlugosch & 
Parker 2008), as observed in the brown anole, Anolis sagrei (Kolbe et al. 2004), the nassariid 
gastropod, Cyclope neritea (Simon-Bouhet et al. 2006), canarygrass, Phalaris arundinacea 
(Lavergne & Molofsky 2007) and the oriental shrimp, Palaemon macrodactylus (Lejeusne et 
al. 2014). Nevertheless, admixture may also be disadvantageous, erasing locally adapted 
phenotypes in established non-native populations (Lynch 1991; Lenormand 2002; Dlugosh et 
al. 2015) and reducing offspring viability due to genetic incompatibilities (Johansen-Morris & 
Latta 2006). Admixture is most often attained through multiple introductions, as seen in an 
array of studies (Kolbe et al. 2004; Yonekura et al. 2007; Gillis et al. 2009; Pairon et al. 2010; 
Funk et al. 2011; Beneteau et al. 2012; Rius & Darling 2014), but depending on the origin of 
these introductory populations, a variety of outcomes are plausible. For instance, Dlugosh et 
al. (2015) concluded that multiple introductions had little effect on genetic variation in the 
novel environment. However, if the introduced populations originated from different areas 
within the native range and admixture were to occur between these divergent source 
populations, multiple introductions could significantly impact the genetic variation within the 
invasive populations (Dlugosh et al. 2015).  
 
Numerous studies have compared the molecular signature of invasive species in their 
native and invasive ranges (Guinard et al. 2003; Kolbe et al. 2004; Kelly et al. 2006; Rollins et 
al. 2009; Kawamura et al. 2010; Naccarato et al. 2015), in the hopes of unravelling the 
demographic history of the invasive populations (Ficetola et al. 2008; Gillis et al. 2009; Neilson 
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& Stepien 2011; Gray et al. 2014). However, most studies to date are restricted to contemporary 
specimens, thereby relying heavily on the premise that the historic population structure within 
the native range has been maintained over time and no allele frequency shifts have occurred. 
Historic DNA serves as a valuable reference when examining contemporary genetic diversity 
(Bouzat 2000; Guinard et al. 2003; Lozier & Cameron 2009; Dormontt et al. 2014), as it allows 
for the monitoring of temporal changes in genetic diversity across generations (Guinard et al. 
2003; Sefc et al. 2007), while increasing the chance of detecting subtle changes frequently 
overlooked by studies focussing only on contemporary data (Lozier & Cameron 2009). Hence, 
despite the difficulties relating to the amplification and genotyping of historical samples (Sefc 
et al. 2003; 2007), comparing historic and contemporary DNA constitutes a powerful approach 
to detect recent demographic changes in invasive species, as it can delineate the most likely 
invasion scenario (Gillis et al. 2009; van Kleunen et al. 2010; Thompson et al. 2011) and reveal 
the connectivity between invasive populations (Funk et al. 2011; Beneteau et al. 2012). 
 
The invasive smallmouth bass, Micropterus dolomieu (Lacepède, 1802), presents an 
ideal model system to investigate variation in genetic diversity through space and time, as its 
introduction history and subsequent spread into and throughout South Africa is well recorded 
(de Moor & Bruton 1988). Twenty-nine M. dolomieu specimens originating from broodstock 
collected in the Wheeling River, West Virginia, USA were shipped from the Lewistown 
hatchery in Maryland, USA, to the Jonkershoek hatchery in South Africa in 1937 (Powell 1967; 
de Moor & Burton 1988; Loppnow et al. 2013). Here, they were reared and bred before being 
released into multiple water bodies across the country for angling purposes (de Moor & Bruton 
1988). Most of the intended stockings occurred between 1938 and 1981, starting with the Berg 
(1938-1939), Breede (1939-1940), Olifants (1943, 1945) and Buffalo (1949) River systems 
(Table 2.1; Figure 2.2), after which the remaining rivers and water bodies throughout South 
Africa were stocked (de Moor & Bruton 1988). The number of fingerlings initially released 
into the rivers was considerable, with more than 300 fingerlings reportedly released into the 
Berg River alone during the first introductory event in 1938 (de Moor & Bruton 1988).  
 
In this chapter I will examine the genetic structuring within and between contemporary 
native (USA) and contemporary invasive (South African) M. dolomieu populations. 
Furthermore, using genomic DNA obtained from formalin-fixed muscle tissue, I will 
investigate how the genetic diversity within the native range changed over time (i.e. historic 
versus contemporary specimens) and how it compares to contemporary invasive South African 
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M. dolomieu populations. My aims are to (1) assess the genetic differentiation and diversity 
within M. dolomieu populations in South Africa, (2) unravel how the genetic diversity changed 
over time in both native and invasive ranges, (3) confirm the single historic introductory event 
for M. dolomieu. Given the small M. dolomieu founding population, I predict that the invasive 
South African range will have a lower genetic diversity when compared to the native (historic 
and contemporary) North American range (Figure 2.1) due to a loss of alleles, as suggested by 
Dlugosch & Parker (2008). Furthermore, as microsatellite loci have high mutation rates 
(Webster & Reichart 2005), and human-mediated dispersal has increased the native distribution 
range of M. dolomieu (Loppnow et al. 2013), new alleles may be created faster than lost due to 
drift. Thus, I predict that the genetic diversity would be higher in contemporary time when 















Figure 2.1. A schematic representation of the predictions made in this chapter. The size of each 
oval corresponds to the expected genetic diversity levels in each population, while the arrows 
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MATERIALS AND METHODS 
 
DNA collection and extraction from historic specimens 
Specimens representing the historic native range (Figure 2.2), corresponding to the 
approximate time of introduction into South Africa (1930 – 1941) were obtained from a host 
of collections housed at the Smithsonian National Museum of Natural History (NMNH), The 
Academy of Natural Sciences of Drexel University (ANSP), University of Michigan Museum 
of Zoology (UMMZ), and the Ohio State University Museum (OSUM) (Table 2.1; Appendix 
2.1). In total, 53 formalin-fixed specimens representing 11 drainage systems, were obtained for 
genetic analysis (Table 2.1). These specimens represent a subset of the M. dolomieu genetic 
diversity that was present in the native range 20 – 25 generations ago (M. dolomieu usually 
require 4-5 years to reach sexual maturity, but elevated levels (i.e. 3 years) have been observed 
in invaded riverine systems; Bartel et al. 2008).  
 
Genomic DNA was extracted from 20-50 mg preserved muscle tissue in a room 
previously unexposed to fish DNA. Prior to each extraction, all equipment and surfaces were 
treated with 10 % bleach to remove any potential contaminants. Where possible, each sample 
was carefully sub-sampled and placed in a 1.5 ml Eppendorf tube. Pikor et al. (2011) showed 
that high quality DNA can be extracted from formalin-fixed tissue if the samples are rehydrated 
with a series of ethanol washes prior to extraction. Thus, 500 μL of 100 % ethanol was added 
to each tissue sample in the Eppendorf tube and vortexed vigorously for 30 seconds. The liquid 
was removed and the process was repeated with 500 μL 70 % ethanol, followed by 1000 μL 
distilled water. Lastly, 1000 μL distilled water was added to each Eppendorf tube and left to 
soak at 55 °C for five days, vortexing the sample every 24 hours. Once rehydrated, the sample 
was moved to a dry Eppendorf tube before starting with the DNA extraction, using the 
commercially available QIAamp DNA FFPE tissue extraction kit (QIAGEN). In a recent 
review by Paireder et al. (2013) it was demonstrated that this kit consistently outcompeted other 
extraction methods when working with old (1820 - 1950), formalin fixed tissue. Apart from 
doubling the amount of Proteinase K added to each sample (60 μL), extraction followed the 
manufacturers’ protocol. To break the formalin bonds, the samples were heated to 90 °C for 
one hour before commencing with the wash steps. As DNA denatures at 94 °C, the temperature 
was monitored and adjusted if necessary to avoid accidental overheating of samples. Lastly, to 
ensure the maximum elution of bound DNA, 10 μL elution buffer (warmed to 25.5 °C) was 
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dispensed onto the centre of the spin column membrane and left to ‘incubate’ at room 
temperature for 5 minutes before centrifuging at 14, 000 rpm for 1.5 minutes. This was repeated 
three times to yield a total DNA extraction volume of 30 μL. All DNA extractions were stored 
at -20 °C.  
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Table 2.1 An overview of the sampled populations from the native historic, native contemporary and invasive contemporary range. Abbreviations correspond to 

















 Native Ohio 1930 White Oak Creek Ohio River OH 3 yes OSUM A 












Native Michigan; Ontario 1934; 1935; 1940 Detroit River Detroit River DET 18 yes UMMZ C 
Native Ohio 1941 Lake Erie Lake Erie LE 3 yes OSUM D 
Native Ohio 1938 Mosquito Creek Lake Mosquito Creek MO 2 yes OSUM E 
Native New York 1937 Allegheny River Allegheny River AL 3 yes UMMZ F 
Native New York 1931 Fall Creek Cayuga Lake, Etna FC 2 yes UMMZ G 
Native New York 1935 Otselic River; Susquehanna River Susquehanna River SU 5 yes UMMZ H 
Native New York 1936 Rondout River Hudson River HUD 4 yes UMMZ I 
Native Maryland 1941 Monocacy River Potomac River PO 4 no ANSP J 
Native Virginia; West Virginia 1933 - 1936 Shenandoah River Shenandoah River SH 4 yes NMNH K 
  

















Native Ontario 2013; 2014 Detroit River Detroit River DET 7 yes ROM 1 
Native New York 2014 Niagra River Niagra River NIA 49 no USA collectors 2 
Native New York 2014 St Lawrence River St Lawrence River STL 55 no USA collectors 3 
Native New York 2015 Oneida Lake Oneida River ONEI 27 no USA collectors 4 
Native New York 2015 Saratoga Lake Hudson River SAR 10 no USA collectors 5 
Native New York 2015 Vestal; Susquehanna River Susquehanna River VES 14 no USA collectors 6 
Native New York 2015 Oneonta; Susquehanna River Susquehanna River ONEO 10 no USA collectors 7 
Native New York 2015 Lolliersville Susquehanna River LOL 20 no USA collectors 8 
Native New York 2014 Hudson River Hudson River HUD 21 no USA collectors 9 
           213       
Invasive Western Cape 2014 Doring River Doring River DO 38 no Self-Collected 1 
Invasive Western Cape 2014 Olifants River; Jan Dissels River Olifants River OL 44 no Self-Collected 2 
Invasive Western Cape 2014 Berg River Berg River BE 22 no Self-Collected 3 
Invasive Western Cape 2014 Breede River Breede River BR 43 no Self-Collected 4 
Invasive Eastern Cape 2014 Kouga River Kouga River KO 46 no Self-Collected 5 
Invasive Eastern Cape 2012 Krom River Krom River KR 15 no SAIAB 6 
Invasive Eastern Cape 2014 Rooikranz Dam Buffalo River BU 48 no SAIAB 7 
Invasive Mpumalanga 2014 Blyde Dam Blyde River MP 50 no MPB 8 
      
 
      306       
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Figure 2.2. Map of native USA (left) and invasive SA (right) sampling localities. Letters A-K denote historic sampling localities, while numbers denote 
contemporary sampling localities. All letters and numbers correspond to those used in Table 2.1. The location indicated by the star (i) represent the Wheeling 
River, while the downward-facing arrows denote the (ii) Lewistown hatchery and (iii) Jonkershoek hatchery, respectively. 
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DNA collection and extraction from contemporary specimens 
Fresh tissue samples (muscle, liver, fin clippings) were collected via angling methods 
in both the native United States of America (USA) and the invasive South African (SA) ranges 
during the respective summer months of 2014 and 2015 (Figure 2.2). Collections in the USA 
were led by a host of individuals and organisations based in the USA (see acknowledgements). 
Nine localities, rendering a total of 213 specimens were sampled from the same ‘broad’ area 
represented by the historic samples to allow for direct genetic diversity comparisons (Table 
2.1). As only fin clippings were collected in the USA, all tissue samples were shipped either 
dry in paper envelopes or in 70 % ethanol. Addition specimens collected in 2014 (n = 7; 
formalin fixed), representing the Detroit River, were obtained from the Royal Ontario Museum 
(ROM), Canada.  
 
All SA specimens were euthanised with clove oil (CapeNature permit number 0056-
AAA043-00004; Eastern Cape permit numbers CRO 165/14CR and CRO 166/14CR; 
Mpumalanga permit number MPB. 5498/2; Ethical clearance reference number SU-ACUM14-
00011, University of Stellenbosch) upon capture, before sampling a 20-50 mg piece of muscle/ 
liver tissue. Tissue samples were stored in 70 % ethanol for further DNA analysis. Additional 
specimens were obtained from the South African Institute for Aquatic Studies (SAIAB), 
Grahamstown, South Africa, rendering a total sample size of 306 specimens representing eight 
river systems (Table 2.1; Appendix 2.1). DNA was extracted from each contemporary 
specimen (USA and SA) using the NucleoSpin Tissue extraction (gDNA) kit (MACHEREY-
NAGEL, Separations, Cape Town, South Africa) following the manufacturers protocol. All 
DNA extractions were stored at -20 °C. 
 
Historic and contemporary DNA amplification  
Two partial mitochondrial gene regions, namely cytochrome b (cytb) and control region 
(CR) were amplified for all the contemporary samples (n = 519) using a polymerase chain 
reaction (PCR). However, due to the degraded nature of the historic DNA, the limited 
availability of tissue and the low amount of DNA following extraction, mtDNA amplification 
was not possible. A standard 25 μL mastermix was prepared for both mtDNA PCR reactions, 
and contained the following: 01 μL Supertherm Taq polymerase, 2.5 μL buffer, 3 μL MgCl2 
(all three supplied by JMR Holdings), 0.5 μL dNTP mix (10 mM), 0.5 μL each of forward and 
reverse primers (10 mM), 14.9 μL dH2O and 2-5 μL genomic DNA. The internal cytb primers, 
basscytbf1 (5ˊ-CAC CCC TAC TTC TCC TAC AAA GA- 3ˊ) and basscytbr1 (5ˊ-AAG GCR 
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AAG CGG GTG AGG G- 3ˊ; Near et al. 2003) were used to amplify the cytb fragment under 
the following PCR thermocycling profile: denaturation at 95 °C for 1 minute, followed by 40 
cycles of 40 seconds at 95 °C, 40 seconds at 56 °C (annealing temperature) and 1 minute at 72 
°C, with the final extension performed for 10 minutes at 72 °C. Primer set CB3R-L (5 ˊ -
CATATTAAACCCGAATGATATTT- 3ˊ; Palumbi 1996) and HN20-R (5ˊ -
GTGCTTATGCTTTAGTTAAGC- 3ˊ; Bernatchez & Danzmann 1993) were used to amplify 
the CR. PCR conditions for CR were identical to those used to amplify cytb, with the exception 
of the annealing temperature, which was set to 50 °C. Despite numerous attempts to amplify 
the seven contemporary Detroit River (DET) samples for CR, no amplification was achieved, 
most likely due to the formalin fixation used to preserve the tissue. For all PCR reactions, 
positive and negative controls were run and all amplified PCR products were visualised through 
gel electrophoresis before being sequenced (ABI 3730 XL DNA Analyzer, Applied 
Biosystems, CAF, Stellenbosch, South Africa). Chromatographs were visually inspected and 
aligned in Geneious® 10.0.2 (Biomatters, Auckland, New Zealand).  
 
Fifteen microsatellite loci, designed for both species- and genus-level amplification, 
were selected from published literature (Table 2.2). Of these, only 11 microsatellite loci (eight 
species-specific: Mdo3, Mdo4, Mdo5, Mdo7, Mdo8, Mdo9, Mdo10, Mdo11 - Malloy et al. 
2000; three genus-specific: Lma21 - Colbourne et al. 1996; Lma102, Lma117 - Neff et al. 
1999) were successfully amplified. Lma102 and Lma117 were not polymorphic for a subset of 
specimens and were therefore excluded from the study. Hence, nine polymorphic loci were 
used in the present study (Table 2.2). Three multiplex reactions were used to amplify the nine 
microsatellites, using the KAPA2GTM Fast Multiplex PCR Kit (KapaBiosystems, Cape Town, 
South Africa). Each 10 μL reaction comprised the following: 5 μL Kapa2G™ Fast Multiplex 
Mix, 0.2 μL of each primer (10 nmol) and 1 μL template DNA. The PCR cycling parameters 
followed those specified under the Low Plex cycling step, as specified by Kapa2G™ Fast 
Multiplex PCR Kit: denaturation for 3 min at 95 °C, followed by 30 cycles of 15 s at 95 °C, 30 
s at primer dependant annealing temperature (see Table 2.2) and 30 s at 72 °C, with the final 
extension being performed for 10 min at 72 °C.  
 
To minimise the potential for PCR contamination of the historic samples, all molecular 
work was conducted with a set of pipettes not previously used to amplify fish DNA. The same 
nine microsatellite loci were amplified for the historic samples and followed the same 
amplification procedure used for the contemporary DNA. Similarly, three multiplex reactions 
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were conducted using 3 μL pure DNA in each, but due to the degraded nature of the DNA this 
did not yield any results. Thus, the resulting PCR products for each multiplex were then diluted 
with distilled water to obtain a 1/10 PCR product dilution which, in turn, served as the DNA in 
the subsequent PCR. To ensure accurate amplification and to try and avoid the overestimation 
of genetic diversity often associated with the amplification of ancient- and/ or formalin-fixed 
DNA (Buchan et al. 2005; Sefc et al. 2007), historic samples were amplified twice for each 
microsatellite locus. All microsatellite genotyping (contemporary and historic samples) was 
performed on the ABI 3730 XL DNA Analyzer (Applied Biosystems, CAF, Stellenbosch, 
South Africa), using LIZ as an internal size marker. To ensure accurate scoring, reference 
individuals previously scored were used as positive controls. Geneious® 10.0.2 (Biomatters, 
Auckland, New Zealand) was used to score the microsatellites. Historic specimens were scored 
blindly (i.e. all specimen names were ‘hidden’ as to prevent any bias), and repeated three times 
to ensure accuracy. Where scoring inconsistencies were observed (historic specimens) and/ or 
more than three loci could not be scored (for both historic and contemporary specimens), the 
entire specimen was removed from the dataset and excluded from the study. Similarly, since 
one microsatellite locus, namely Mdo8, did not amplify for the majority of historic samples, it 
was removed from the historic dataset entirely. Thus, nine microsatellite loci were analysed for 
the contemporary dataset, but only eight microsatellite loci were analysed for the historic 
dataset. 
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Table 2.2 Microsatellite loci amplified in the present study with the corresponding primer sequence, reference, size, repetition pattern, optimised annealing 
temperature, multiplex reaction each locus was part of and dye labels used. Shaded areas represent microsatellite loci that were excluded from the study due to 
amplification errors. 
Locus  Primer Pair and Sequence Reference Size (bp) Core Repeat Amplified Multiplex # 




F: 5' GCTCTTCCCAGTGGTGAGTC 3'                                                         
R: 5' ATCTCAGCCCATACCGTCAC 3' 
Malloy et al. 2000 210 (GT)14 X       
Mdo 2 
F: 5' GCCCTTTCATATTGGGACAA 3'                                                          
R: 5' CTGCTCTGGCGTACATTTCA 3' 
Malloy et al. 2000 197 (GT)14 X       
Mdo 3 
F: 5' AGGTGCTTTGCGCTACAAGT 3'                                                        
R: 5' CTGCATGGCTGTTATGTTGG 3' 
Malloy et al. 2000 135 (CA)20 √ 1 53.9 6-FAM 
Mdo 4 
F: 5' TCTGAACAACTGCATTTAGACTG 3'                                                 
R: 5' CTAATCCCAGGGCAAGACTG 3' 
Malloy et al. 2000 142 (CA)11 √ 1 53.9 NED 
Mdo 5 
F: 5' CAGGTTCCCTCTCACCTTCA 3'                                                              
R: 5' ATGGTCTCACCAGGGACAAA 3' 
Malloy et al. 2000 200 (CT)9CC(CA)10GA(CA)3TA(CA)2 √ 2 61.0 PET 
Mdo 6 
F: 5' TGAAATGTACGCCAGAGCAG 3'                                                         
R: 5' TGTGTGGGTGTTTATGTGGG 3' 
Malloy et al. 2000 150 (CA)7(TA)4 X       
Mdo 7 
F: 5' TCAAACGCACCTTCACTGAC 3'                                                        
R: 5' GTCACTCCCATCATGCTCCT 3' 
Malloy et al. 2000 172 (CA)12 √ 1 53.9 VIC 
Mdo 8 
F: 5' GTGAGGACCAGCCAAAATGT 3'                                                      
R: 5' GGAAGATTGAGGTCCCAACA 3' 
Malloy et al. 2000 220 (CA)19 √ 3 58.3 NED 
Mdo 9 
F: 5' TTTGATGGGCGTTTTGTGTA 3'                                                          
R: 5' GACCGGTCCTGCATATGATT 3' 
Malloy et al. 2000 126 (GT)10 √ 3 58.3 PET 
Mdo 10 
F: 5' GTGTCTCCGTGTGTTGATGG 3'                                                         
R: 5' AACACCAGAGGCAAACAAGC 3' 
Malloy et al. 2000 101 (GT)10 √ 3 58.3 VIC 
Mdo 11 
F: 5' TTGTGGAGAGGGGCATAAAC 3'                                                      
R: 5' GCATCCTCCCACGTTACCTA 3' 
Malloy et al. 2000 174 (GT)11GA(GT)3 √ 3 58.3 6-FAM 
Lma21 
F: 5' CAGCTCAATAGTTCTGTCAGG 3'                                                
R: 5' ACTACTGCTGAAGATATTGTAG 3' 
Colbourne et al. 1996 158-182 (TC)19(AC)11 √ 2 61.0 6-FAM 
Lma87 
F: 5' ATGACACAGACTCACCATGC 3'                                                  
R: 5' CTCCTGCCCATAAATCAGAC 3' 
Colbourne et al. 1996 118-152 (AC)15A5 X       
Lma102* 
F: 5' CTGTGAAAATGGTGTGAGCG 3'                                                 
R: 5' AAACACAAAAGTCCACGCAC 3' 
Neff et al. 1999 88-102 (GT)19ATGTAT(GT)4 √ 2 61.0 NED 
Lma117* 
F: 5' CCACCAACAGCATGCAGAC 3'                                                    
R: 5' CATGCCACTCATTGCACTG 3' 
Neff et al. 1999 194-218 (GT)22 √ 2 61.0 VIC 
* Amplified microsatellite loci, but not polymorphic. Hence, both Lma102 and Lma117 were excluded from the dataset. 
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Contemporary mtDNA analyses 
To assess the diversity levels in both the native (USA) and invasive (SA) ranges, the 
number of haplotypes, haplotype diversity and nucleotide diversity (H, h and π, respectively), 
were calculated in ARLEQUIN 3.5.2.2 (Excoffier & Lischer 2010). The population history for 
M. dolomieu in both ranges was examined using Fu’s Fs (Fu, 1997) and Tajima’s D (Tajima 
1989), assessing each with 10 000 permutations as implemented in ARLEQUIN 3.5.2.2 
(Excoffier & Lischer 2010).  
To assess the genetic population structure, both native and invasive contemporary 
datasets were combined for each gene fragment. A parsimonious haplotype network was 
constructed for both cytb and CR, using the 95 % connection limit as implemented in TCS 1.21 
(Clement et al. 2000). Gaps and/ or missing data were treated as a fifth state. Estimation of 
Wright’s pairwise FST, and a hierarchical Analysis of Molecular Variance (AMOVA) was 
conducted to assess the genetic population structure among sampled localities. Analyses were 
conducted in ARLEQUIN 3.5.2.2 (Excoffier & Lischer 2010), with statistical significance 
assessed after 10 000 permutations. Wright’s pairwise FST measures the amount of population 
subdivision, with values near to 0 indicating no population differentiation, and values near to 
1 indicate complete population differentiation (Excoffier et al. 2005), while a hierarchical 
AMOVA assesses the degree of molecular variation within versus among sampled localities.  
 
Contemporary and historic microsatellite analyses 
All genotype frequencies were assessed for linkage disequilibrium (i.e. the non-random 
combination of alleles between loci) and deviations from Hardy-Weinberg equilibrium (HWE), 
using Genepop 4.2.1 (Rousset, 2008), with statistical significance being assessed after 10 000 
iterations. The Bonferroni method was used to correct for multiple comparisons (Rice 1989). 
Amplification errors associated with large allele drop-out and stuttering was assessed with 
MICROCHECKER (Van Oosterhout et al. 2006). As most of the populations were found to 
not comply with HWE assumptions, FreeNA (Chapuis & Estoup 2007) was used to check for 
the presence of null alleles using the EM algorithm (Dempster et al. 1977). Following Chapuis 
& Estoup (2007), null allele frequency values above 25 % signified the presence of null alleles, 
while null allele values below 25 % were thought to not significantly impact the results. 
Intraspecific and within-population genetic diversity levels were assessed as number of alleles 
(Na), allelic richness (AR) observed heterozygosity (HO), expected heterozygosity (HE), and 
Wright’s inbreeding coefficient (FIS), as implemented in FSTAT (Goudet 1995), Genepop 
(Rousset 2008), HP-Rare (Kalinowski 2005) and ARLEQUIN (Excoffier & Lischer 2010). 
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Statistical significance of FIS was assessed after 1000 permutations in FSTAT (Goudet 1995). 
FIS ranges from -1 (excess number of heterozygotes) to 1 (excess number of homozygotes), 
with populations displaying significantly positive FIS values experiencing high levels of 
inbreeding (Beebee & Rowe 2005). Allelic richness (AR) was calculated using HP-Rare 
(Kalinowski 2005), as this program corrects for sample size disparity through rarefaction 
analysis. All analyses were conducted per population for the two contemporary datasets, but 
due to the small sample size for most of the historic localities (Table 2.1) all localities were 
grouped to obtain the genetic diversity indices.  
 
Multiple approaches were employed to investigate the population structuring and 
genetic connectivity among (contemporary and historic) populations. As only eight loci were 
amplified for the historic specimens, all comparative analyses incorporating the historic 
samples only compared the eight loci, while contemporary SA – USA comparisons 
encompassed all nine loci. Firstly, to determine whether there is a difference in observed 
heterozygosity (HO) between the three groups (contemporary invasive – C.I, contemporary 
native – C.N, historic native – H.N), an Analysis of Variance (ANOVA) was conducted in SPSS 
STATISTICS v. 20.0.0 (SPSS Inc., Chicago, IL, USA), with loci selected as random factor. 
Subsequently, a Bonferroni post-hoc test was used to further assess the differences between 
groups. In addition, a stacked bar graph was constructed to visualise the variation among 
localities and loci. Secondly, Weir’s (1986) FST was employed to assess the genetic 
differentiation among sampled localities using FreeNA (Chapuis & Estoup 2007). FreeNA was 
chosen, employing the ENA correction method (Chapuis & Estoup 2007), as this method has 
been shown to correctly estimate FST values in the presence of null alleles (detected in the 
previous analysis) (Chapuis & Estoup 2007). A jackknife approach (Chapuis & Estoup 2007) 
implementing 1000 bootstrap replicates, was employed to assess the statistical significance. 
FST values can range between 0 to 1, with low values signifying no differentiation and higher 
values suggesting complete differentiation. Genetic differentiation is thought to be high when 
values exceed 0.2, while values near to 0 suggest undifferentiated populations (Excoffier et al. 
2005).  
 
To investigate the genetic associations within each of the three groups (C.I, C.N, H.N) 
as well as among them, without being influenced by the lack of HWE or the presence of null 
alleles, a Principal Component Analysis (PCA) using microsatellite allelic frequencies, was 
conducted in the R package Adegenet 1.3.1 (Jombart & Ahmed 2011). Next, a Bayesian 
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clustering approach was used to (a) identify and visualise the population structure within each 
of the three groups, (b) search for a potential source population from where the invasive South 
African stocks originated, (c) compare overlapping populations from the historic- and 
contemporary native range to determine the degree of genetic similarity, using STRUCTURE 
version 2.3.4 (Pritchard et al. 2000). STRUCTURE, assuming HWE, assigns each sampled 
individual to a cluster without prior knowledge of the samples’ geographical origin, ultimately 
aiming to identify the most probable number of genetic clusters (K). All four STRUCTURE 
analyses (each group independently followed by an analysis combining C.I, C.N and H.N) were 
conducted using the admixture model with correlated allele frequencies, allowing each 
individual to be allocated to multiple clusters, as determined by its genotype frequency. Five 
replicate runs were conducted for each K, with K = 1-15 for each independent analysis. An 
initial burn-in of 75 000 Markov Chain Monte Carlo (MCMC) generations were run, followed 
by 350 000 MCMC iterations. Following the Evanno method (Evanno et al. 2005), 
STRUCTURE HARVESTER (Earl & vonHoldt 2012) was used to determine the most 
probable K, before using CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007) to compile the five 
replicate runs for the most likely K. DISTRUCT 1.1 (Rosenberg 2004) was used to visualise 
the composite assignments.  
 
Lastly, to determine whether the invasive South African M. dolomieu populations 
originate from a single introductory event from the USA, an Approximate Bayesian 
Computation (ABC) was performed on the microsatellite dataset with DIYABC v2.1.0 
(Cornuet et al. 2014). Once again, the sampled localities (Table 2.1) were pooled into three 
groups, i.e. C.I, C.N and H.N. Six simple yet competing introduction scenarios were generated 
under a coalescent framework (Figure 2.7: 1 - 6) in order to focus the computational efforts on 
probable introduction scenarios rather than an exhaustive list of possibilities. Scenario 1: C.I 
originated from the H.N stock which represents a subsample of the C.N populations; Scenario 
2: C.I originated from C.N populations, with both populations being derived from H.N (i.e. a 
more recent introduction event than the one on record); Scenario 3: C.I did not originate from 
either C.N or H.N population, but rather from an unsampled population; Scenario 4: C.I 
populations represent admixed populations from both C.N and H.N; Scenario 5: C.I 
populations originate from an admixture event between the sampled H.N and an unsampled 
ghost population; Scenario 6: C.I populations originate from an admixture event between the 
sampled C.N populations and an unsampled ghost population. As the STRUCTURE results 
revealed a subsample of the invasive South African M. dolomieu individuals to be more closely 
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related to the historic native samples than to the remaining SA individuals (populations BE and 
OL; Figure 2.6B), six additional scenarios were simulated (Figure 2.7: A - F). Scenario A: Most 
of the C.I individuals and the subsample of SA individuals (C.IS) are more closely related to 
one another than to any other population, but originated from H.N stock which came from the 
C.N gene pool. Scenario B: Both C.I and C.IS individuals are closest related to one another, 
while C.N and H.N are more closely related to one another. Both invasive (C.I and C.IS) and 
native (C.N and H.N) groupings stem from a communal source population. Scenario C, like 
Scenario A, states that C.I and C.IS are most closely related, originating from the C.N 
population. Both C.N and C.I + C.IS populations, in turn, originating from the H.N stock. 
Scenario D proposes a closer tie between H.N and C.IS. This grouping (H.N + C.IS) along with 
C.I individuals originated from a C.N population. In scenario E, the H.N and C.IS are once 
again closest related to one another, originating from C.N. The Remaining C.I individuals along 
with the H.N + C.IS + C.N grouping originate from an unsampled population. Lastly scenario 
F supports the STRUCTURE results, and states that H.N and C.IS are most closely related, 
while C.I and C.N are more closely related. Both groupings (H.N + C.IS and C.I + C.N) share 
an unsampled origin. To prevent over-parameterization, parameters were specified according 
to the program guidelines (Cornuet et al. 2014). Firstly, to ensure that at least one scenario and 
its associated priors could generate simulated data sets similar to that of the observed, a pre-
evaluation was performed. This was done by simulating 100, 000 data sets and comparing 
summary statistics for both single-sample (i.e. mean number of alleles, genetic diversity and 
allele size variance across loci) and two-sample statistics (i.e. mean genetic diversity, number 
of alleles, allele size variance, mean index of classification, shared allele distance, distance 
between samples and FST) of these simulated data sets to the observed data set (Cornuet et al. 
2014). As the mean M index across loci (Garza & Williamson 2001) was initially developed 
with conservation planning in mind, this statistic does not do well with small, unequal sampling 
sizes and small starting population sizes (Garza & Williamson 2001). Hence, it was excluded 
from the summary statistics used in the current analyses. Next, I simulated 106 data sets per 
scenario before calculating each scenarios’ posterior probability (PP). Scenarios were 
subsequently compared through a logistic regression, which was conducted on the linear 
discriminant analysis components (Cornuet et al. 2014). Each scenarios error rate was 
evaluated by generating 100 pseudo-observed data sets, using parameter values obtained from 
one of the scenarios (e.g. scenario 1). The type I error rate was determined by counting the 
number of times the PPs were higher for any scenario other than the chosen scenario, divided 
by the number of pseudo-observed data sets (i.e. 100), while the type II error rate was calculated 
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by counting the number of pseudo-observed data sets that unrightfully received the highest PP 






Contemporary mtDNA analyses 
A total of 292 M. dolomieu specimens, collected from eight river systems in the 
invasive SA range were successfully sequenced for 306bp of cytochrome b (cytb) and 979bp 
of Control Region (CR), resulting in 254 and 857 polymorphic sites, respectively. The nine 
native USA localities yielded a total of 209 and 174 successfully sequenced M. dolomieu 
specimens for cytb and CR, respectively, with a total of 207 and 730 polymorphic sites 
retrieved for cytb and CR, respectively. Both cytb and CR rendered fewer haplotypes for the 
native USA range when compared to the invasive SA range, but similar haplotype and 
nucleotide diversity levels were observed in both the native and invasive range (Table 2.3). 
Overall, haplotype and nucleotide diversity levels were high for both native (cytb: h = 0.976 ± 
0.005, π = 0.051 ± 0.025; CR: h = 0.977 ± 0.007, π = 0.044 ± 0.021) and invasive (cytb: h = 
0.967 ± 0.007, π = 0.087 ± 0.043; CR: h = 0.985 ± 0.003, π = 0.039 ± 0.019) range, but differed 
greatly between sampling localities and gene fragment (native cytb: h = 0.923 - 1.000, π = 
0.022 - 0.156; CR: h = 0.884 - 1.000, π = 0.001 - 0.301; invasive cytb: h = 0.756 - 0.987, π = 
0.033 - 0.263; CR: h = 0.867 - 1.000, π = 0.013 - 0.088) (Table 2.3). Significant deviations 
from neutrality were observed for Tajima’s D and Fu’s FS in both native and invasive range 
and both gene fragments (Table 2.3). Assessment of population structure using parsimonious 
haplotype networks showed no distinct geographical clusters in either gene fragment or 
sampling region (native and invasive range), nor were any haplotypes shared between the 
native and invasive range (Figure 2.3.1, 2.3.2). Although a large proportion of the specimens 
in both native and invasive ranges formed part of a star-shaped topology, many mutational 
steps were observed between other haplotypes (Figure 2.3.1, 2.3.2). Pairwise FST measures 
revealed two significantly differentiated groupings, namely invasive SA and native USA 
(Table 2.4), with comparisons between localities from the two groups ranging from 0.013 to 
0.172 for cytb (DO - SAR and KO - VES) and 0.013 to 0.125 for CR (KR - NIA and BE - 
LOL). Significant within grouping differentiation (though markedly less so for the USA cytb), 
was also observed in both cytb [(0.014 to 0.150; BR - BU and BE - KO) (0.016 to 0.031; LOL 
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- NIA / HUD - ONEI and ONEI - VES)] and CR [(0.007 to 0.093; BR - BU and BE - MP) 
(0.019 to 0.079; HUD - VES and LOL - VES)] (Table 2.4).  
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Table 2.3. Genetic diversity indices (haplotype (h) and nucleotide (π)) and neutrality tests (Tajima’s neutrality test D and Fu’s neutrality test (FS)) for each of the 
partial mtDNA gene fragments, namely cytb and CR. Sample size is denoted by n, while H refers to the number of haplotypes. Statistically significant results (P 
< 0.05) are indicted in bold. 
    Cytochrome b (cytb) Control Region (CR) 
















BE 20 16 0.963 ± 0.033 0.066 ± 0.034 -1.682 -1.758 21 14 0.867 ± 0.074 0.088 ± 0.044 -2.277 6.160 
BR 42 33 0.976 ± 0.014 0.061 ± 0.031 -1.295 -9.88 43 33 0.981 ± 0.011 0.036 ± 0.018 -2.011 -4.340 
BU 47 30 0.965 ± 0.013 0.061 ± 0.031 -2.004 -4.574 47 35 0.984 ± 0.008 0.020 ± 0.010 -2.594 -10.918 
DO 35 30 0.987 ±0.012 0.263 ± 0.129 0.314 -1.295 36 30 0.979 ± 0.016 0.084 ± 0.041 -2.537 0.321 
KO 46 24 0.756 ± 0.071 0.044 ± 0.022 -2.310 -2.777 45 36 0.984 ± 0.010 0.013 ± 0.007 -1.71 -21.924 
KR 14 9 0.835 ± 0.101 0.050 ± 0.027 -1.768 0.833 15 15 1.000 ± 0.024 0.046 ± 0.024 -2.047 -2.642 
MP 45 37 0.987 ± 0.009 0.071 ± 0.036 -0.257 -11.881 45 31 0.942 ± 0.024 0.063 ± 0.031 -2.646 0.974 
OL 43 24 0.947 ± 0.020 0.033 ± 0.017 -2.071 -5.458 40 17 0.906 ± 0.029 0.045 ± 0.022 -1.603 8.417 















 DET 7 7 1.000 ± 0.076 0.144 ± 0.083 0.767 -0.226 - - - - - - 
HUD 20 15 0.968 ± 0.025 0.050 ± 0.026 -2.140 -1.675 17 17 1.000 ± 0.020 0.134 ± 0.068 0.692 -1.145 
LOL 20 16 0.974 ± 0.025 0.040 ± 0.021 -1.940 -3.662 20 13 0.884 ± 0.067 0.001 ± 0.001 -1.174 -15.968 
NIA 48 31 0.957 ± 0.018 0.032 ± 0.017 -2.445 -12.403 38 28 0.976 ± 0.014 0.011 ± 0.006 -2.157 -13.583 
ONEI 30 26 0.989 ± 0.013 0.022 ± 0.012 -1.545 -20.166 18 17 0.994 ± 0.021 0.082 ± 0.042 -2.389 -0.867 
ONEO 10 8 0.956 ± 0.059 0.156 ± 0.084 -0.689 2.782 10 10 1.000 ± 0.045 0.012 ± 0.007 -1.575 -4.188 
SAR 13 12 0.987 ± 0.035 0.030 ± 0.017 -0.615 -4.471 7 7 1.000 ± 0.076 0.301 ± 0.169 -1.806 2.179 
STL 47 34 0.966 ± 0.017 0.032 ± 0.017 -0.829 -18.178 51 32 0.942 ± 0.023 0.002 ± 0.001 -1.960 -28.464 
VES 14 10 0.923 ± 0.060 0.022 ± 0.012 -1.950 -2.114 13 10 0.962 ± 0.041 0.059 ± 0.031 -1.418 2.703 
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Figure 2.3.1. A haplotype network for cytb constructed with TCS using parsimony and based on the combined contemporary native USA and invasive SA mtDNA 
dataset. The size of each haplotype is proportional to its frequency, while each mutational step, missing haplotype or unsampled haplotype is represented by a 
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Figure 2.3.2. A parsimonious haplotype network constructed in TCS for CR based on the combined contemporary native USA and invasive SA mtDNA dataset. 
Each haplotypes size is proportional to its frequency, and each mutational step, unsampled haplotype or missing haplotype is represented by a black dot. Colours 
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Table 2.4. Pairwise FST values between native and invasive M. dolomieu populations based on the two partial mtDNA gene fragments, cytb (below diagonal) and 
CR (above diagonal). Statistically significant results in bold (P < 0.05). 
 BE BR BU DO KO KR MP OL DET HUD LOL NIA ONEI ONEO SAR STL VES 
BE 0.000 0.070 0.070 0.075 0.068 0.069 0.093 0.086 - 0.068 0.125 0.076 0.074 0.072 0.075 0.093 0.088 
BR 0.033 0.000 0.007 0.006 0.015 0.005 0.011 0.020 - 0.010 0.065 0.021 0.016 0.010 0.011 0.039 0.028 
BU 0.024 0.014 0.000 0.002 0.015 0.000 0.037 0.020 - 0.008 0.063 0.020 0.014 0.009 0.009 0.037 0.026 
DO 0.016 0.016 0.020 0.000 0.018 0.003 0.034 0.020 - 0.011 0.066 0.022 0.017 0.011 0.012 0.040 0.029 
KO 0.150 0.080 0.091 0.116 0.000 0.004 0.032 0.055 - 0.008 0.063 0.020 0.015 0.009 0.009 0.037 0.027 
KR 0.101 0.041 0.052 0.072 -0.010 0.000 0.031 0.037 - 0.000 0.059 0.013 0.007 0.000 0.000 0.031 0.019 
MP 0.025 0.005 0.017 0.015 0.121 0.076 0.000 0.057 - 0.030 0.085 0.041 0.036 0.032 0.033 0.058 0.049 
OL 0.034 0.009 0.020 0.016 0.093 0.053 0.015 0.000 - 0.049 0.104 0.059 0.055 0.052 0.054 0.076 0.068 
DET 0.023 0.014 0.020 0.008 0.149 0.091 0.010 0.015 0.000 - - - - - - - - 
HUD 0.037 0.028 0.033 0.022 0.147 0.096 0.024 0.029 0.017 0.000 0.036 0.005 -0.003 0.000 -0.008 0.011 0.019 
LOL 0.034 0.025 0.031 0.020 0.144 0.093 0.022 0.026 0.015 -0.006 0.000 0.042 0.038 0.062 0.015 0.001 0.079 
NIA 0.042 0.033 0.038 0.028 0.143 0.097 0.029 0.034 0.024 0.025 0.016 0.000 0.007 0.013 -0.017 0.020 0.031 
ONEI 0.026 0.018 0.024 0.012 0.132 0.083 0.014 0.019 0.006 0.016 0.019 0.010 0.000 0.007 -0.001 0.016 0.025 
ONEO 0.043 0.033 0.039 0.028 0.162 0.107 0.029 0.035 0.023 -0.013 -0.032 0.008 0.020 0.000 0.000 0.030 0.020 
SAR 0.028 0.019 0.025 0.013 0.144 0.090 0.015 0.020 0.007 0.011 0.008 -0.008 0.002 -0.003 0.000 -0.004 0.021 
STL 0.038 0.029 0.035 0.024 0.139 0.093 0.026 0.030 0.019 0.027 0.021 0.002 0.008 0.009 -0.007 0.000 0.049 
VES 0.059 0.049 0.054 0.043 0.172 0.121 0.045 0.050 0.042 0.019 -0.003 0.010 0.031 -0.035 0.018 0.017 0.000 
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The AMOVA, conducted independently on each mtDNA gene fragment, revealed that the largest 
proportion of genetic variation (cytb: 94.79 %; CR: 95.79 %) was distributed within each population, with 
very little variation observed between the invasive SA and native USA groups (cytb: 2.15 %; CR: 1.58 %) as 
well as among populations within groups (cytb: 3.06 %; CR: 2.26 %). All variance components were, however, 
significant (P < 0.001) (Table 2.5). 
Table 2.5. Analysis of molecular variance (AMOVA) results performed on native USA and invasive SA 
populations of M. dolomieu for both partial mtDNA gene regions. 





Among groups 1 3.639 0.011 2.15 <0.001 
Among populations within groups 15 13.66 0.015 3.06 <0.001 
Within populations 484 229.296 0.474 94.79 <0.001 




Among groups 1 2.659 0.008 1.58 <0.001 
Among populations within groups 14 11.9 0.013 2.26 <0.001 
Within populations 450 215.761 0.479 95.79 <0.001 
Total 465 230.32 0.500 
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Contemporary and historic microsatellite analyses 
A total of 519 contemporary sampled specimens, representing both the invasive SA (n 
= 306; eight localities) and native USA (n = 213; nine localities) ranges, were successfully 
genotyped for all nine microsatellite loci, while 53 museum samples, representing 11 localities 
within the historical native range, were successfully genotyped for eight microsatellite loci. 
Neither of the three groups (contemporary invasive SA – C.I, contemporary native USA – C.N, 
historic native USA – H.N) displayed any amplification errors (i.e. large allele dropout, 
stuttering), nor did any loci exhibit linkage disequilibrium. FreeNA (Chapuis & Estoup 2007), 
using the EM algorithm (Dempster et al. 1977), revealed the presence of null alleles in 
microsatellite Mdo9 within the historic native USA samples, but this was not the case for either 
of the contemporary groups. In addition, most of the populations, groups and loci exhibited 
significant deviations from Hardy – Weinberg expectations (Table 2.6). The number of alleles 
(Na) was comparable between localities in both C.N and C.I datasets, while the H.N dataset 
rendered a two-to-three-fold increase in Na for the majority of loci, with similar results being 
observed for allelic richness (AR) following the rarefaction analysis (Table 2.6). Multi-locus 
genetic diversity (observed heterozygosity, HO) ranged from 0.39 (ONEI) to 0.59 (DET), while 
levels of expected heterozygosity (HE) ranged from 0.35 (MP) to 0.73 (MUSEUM) across all 
loci. Significant levels (P < 0.05) of inbreeding (FIS) were observed for two C.I populations 
(BE = 0.26, OL = 0.17), as well as the H.N population (MUSEUM = 0.43), with no significant 
levels of inbreeding being detected in the C.N populations. 
 
A stacked bar graph (Figure 2.4) revealed substantial variation in observed 
heterozygosity (HO) among populations and loci, with reservoirs (such as dams and lakes with 
a catchment size < 5000 km2) consistently displaying lower levels of HO. The ANOVA 
revealed significant differences between the thee groups (F2,214 = 22.90, P = < 0.001), with HO 
being higher in the historic native group compared to both contemporary groups 
(Bonferroni post hoc test P <0.001). However, a significant marker effect (F7,214 = 19.82, P < 
0.001) was observed. Pairwise FST values revealed significant population differentiation among 
C.I populations, ranging from 0.066 – 0.469 (DO – KO and BE - MP), with similar results 
being observed when comparing populations across all three groups, i.e. C.I, C.N and H.N 
(0.123 – 0.537; MP – SAR and OL – MUSEUM) (Table 2.7). In contrast, the C.N populations 
displayed significantly less population differentiation among sampled localities within this 
group (0.072 – 0.129; LOL – NIA and SAR – STL) (Table 2.7). 
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The Principal Component Analysis (PCA), based on allelic frequencies, revealed two 
distinct groups along the first two axes; the first comprising both C.N and C.I populations and 
the second comprising H.N populations (Figure 2.5). Limited genetic associations between the 
two groups were observed. The Bayesian clustering analyses conducted in STRUCTURE 
revealed extensive population sub-structuring within the C.I localities (BE – OL), with Delta 
K (Evanno et al. 2005) retrieving K = 5 as the most probable number of clusters (Figure 2.6A). 
Both reservoirs (BU and MP) were represented by their own cluster and showed very little 
population variation, corroborating the genetic diversity results (Figure 2.4; Table 2.6). The 
remaining six C.I populations, however, displayed substantial levels of admixture, in particular 
localities BE and OL (Figure 2.6A). The C.N populations (DET – VES) exhibited high levels 
of population admixture indicative of shallow population differentiation, with Delta K 
revealing the most probable K = 4 (Figure 2.6A). Similar levels of admixture and Delta K (K 
= 4) were obtained for the H.N populations (PO – FC) (Figure 2.6A). To determine the most 
probable source population of the C.I populations, all 28 localities representing all three groups 
(C.I, C.N, H.N), were combined (Figure 2.6B). Delta K revealed the most probable number of 
clusters to be K = 3, with each cluster representing a group, though admixture between the two 
contemporary groups was observed. Interestingly, a subset of individuals within the BE and 
OL (and to a lesser extent DO and KO) contemporary invasive localities shared a cluster with 
the H.N group, but this was not the case for any of the C.N populations, despite overlapping 
sampling localities (DET, HUD, Susquehanna River: LOL, ONEO, VES, SU; Table 2.1) 
(Figure 2.6B).  
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Table 2.6. Genetic diversity measures for all 18 localities (contemporary invasive SA = BE – OL, historic native USA = MUS, contemporary 
native USA = DET – VES) at nine microsatellite loci: n – number of successfully genotyped individuals; Na – number of alleles; AR – allelic 
richness following the rarefaction analysis; HE – expected heterozygosity; HO – observed heterozygosity; FIS – inbreeding coefficient. Statistical 
significant results in bold (P < 0.05). 
  LOCALITY 
      BE BR BU DO KO KR MP OL MUS DET HUD LOL NIA ONEI ONEO SAR STL VES 
Mdo3 
571 n 22 43 48 38 46 15 50 44 52 7 21 20 49 27 10 10 55 14 
10 Na 3 3 1 4 4 2 1 3 10 3 3 3 3 3 3 3 3 3 
2.73 AR 2.86 2.55 1.00 2.52 3.03 1.94 1.00 2.78 3.92 2.95 2.82 2.40 2.72 2.28 2.16 2.92 2.57 2.69 
0.48 HE 0.62 0.58 0.00 0.48 0.64 0.37 0 0.61 0.73 0.63 0.62 0.38 0.55 0.48 0.28 0.65 0.52 0.58 
0.41 HO 0.27 0.60 0.00 0.39 0.65 0.33 0 0.39 0.46 0.71 0.62 0.25 0.51 0.33 0.30 0.60 0.49 0.43 
0.17 FIS 0.57 -0.05 \ 0.18 -0.02 0.10 \ 0.37 0.37 -0.15 -0.01 0.35 0.07 0.30 -0.08 0.08 0.06 0.27 
Mdo4 
565 n 22 43 48 35 46 15 50 44 51 7 20 20 49 26 10 10 55 14 
17 Na 2 2 2 3 3 2 1 3 16 3 2 2 4 2 2 2 2 2 
2.30 AR 1.99 1.76 1.51 1.76 2.00 1.98 1.00 2.71 4.61 2.53 2.00 2.00 2.27 2.00 2.00 1.99 1.97 1.99 
0.41 HE 0.49 0.24 0.14 0.21 0.31 0.43 0.00 0.61 0.79 0.38 0.51 0.51 0.43 0.51 0.51 0.44 0.44 0.45 
0.38 HO 0.23 0.28 0.15 0.17 0.28 0.47 0.00 0.45 0.37 0.43 0.50 0.70 0.43 0.42 0.80 0.40 0.60 0.21 
0.11 FIS 0.54 -0.15 -0.07 0.18 0.09 -0.08 \ 0.25 0.53 -0.13 0.02 -0.38 0.01 0.17 -0.64 0.10 -0.38 0.54 
Mdo5 
558 n 22 42 48 38 46 15 49 44 44 7 21 20 48 27 10 10 53 14 
20 Na 3 3 2 5 4 2 4 5 10 1 5 3 4 3 3 3 4 5 
2.83 AR 2.63 2.20 1.93 2.74 2.13 1.91 2.56 3.46 4.17 1.00 2.78 2.40 2.92 1.33 2.42 2.57 2.54 3.23 
0.45 HE 0.51 0.52 0.38 0.59 0.41 0.33 0.57 0.68 0.75 0.00 0.44 0.54 0.55 0.07 0.47 0.43 0.39 0.56 
0.40 HO 0.27 0.36 0.50 0.63 0.30 0.27 0.69 0.55 0.30 0.00 0.52 0.65 0.48 0.07 0.60 0.30 0.32 0.36 
0.14 FIS 0.47 0.31 -0.32 -0.07 0.26 0.20 -0.23 0.20 0.61 \ -0.19 -0.21 0.13 -0.01 -0.30 0.31 0.17 0.37 
            Table 2.6 continued on next page 
                     
                     
                     
Stellenbosch University  https://scholar.sun.ac.za
Stellenbosch University  https://scholar.sun.ac.za
33 
 
               Table 2.6 continued 
Mdo7 
571 n 22 43 48 38 46 15 50 44 52 7 21 20 49 27 10 10 55 14 
11 Na 3 4 4 6 4 4 3 4 11 3 5 3 5 3 3 2 3 3 
3.26 AR 2.59 3.11 3.49 3.64 3.70 3.52 2.48 3.59 4.52 2.86 2.80 2.22 2.98 2.16 2.45 1.71 2.08 2.79 
0.58 HE 0.47 0.65 0.69 0.7 0.75 0.72 0.43 0.73 0.79 0.56 0.57 0.51 0.59 0.51 0.54 0.19 0.51 0.59 
0.52 HO 0.41 0.51 0.73 0.71 0.72 0.80 0.46 0.64 0.46 0.29 0.67 0.55 0.51 0.33 0.50 0.00 0.58 0.50 
0.10 FIS 0.13 0.21 -0.05 -0.01 0.04 -0.12 -0.06 0.12 0.42 0.51 -0.17 -0.08 0.13 0.36 0.08 1.00 -0.14 0.16 
Mdo8 
534 n 22 43 48 37 46 15 50 44  -  7 21 20 49 25 10 9 55 14 
17 Na 6 4 2 6 4 3 2 7  -  5 5 5 6 5 4 3 3 6 
3.78 AR 4.42 3.62 1.89 3.72 2.75 2.30 1.49 3.46  -  4.15 3.32 3.01 4.07 2.87 3.13 2.49 2.78 3.44 
0.58 HE 0.80 0.73 0.33 0.72 0.54 0.35 0.13 0.63  -  0.73 0.58 0.59 0.76 0.50 0.51 0.50 0.62 0.53 
0.53 HO 0.91 0.70 0.38 0.65 0.43 0.33 0.10 0.52  -  0.71 0.38 0.60 0.76 0.48 0.40 0.44 0.71 0.50 
0.07 FIS -0.14 0.05 -0.13 0.10 0.20 0.05 0.24 0.17  -  0.02 0.35 -0.02 0.01 0.05 0.22 0.12 -0.14 0.07 
Mdo9 
569 n 22 43 48 38 46 15 50 43 51 7 21 20 49 27 10 10 55 14 
11 Na 6 3 3 4 4 3 2 4 10 2 2 2 3 2 2 2 3 2 
2.60 AR 3.51 2.68 2.24 2.27 2.37 2.87 1.78 3.08 4.27 1.97 2.00 1.90 2.09 2.00 1.97 1.97 2.08 2.00 
0.49 HE 0.64 0.60 0.49 0.42 0.37 0.63 0.26 0.63 0.76 0.36 0.49 0.33 0.51 0.51 0.39 0.39 0.51 0.49 
0.46 HO 0.59 0.63 0.60 0.39 0.35 0.60 0.18 0.58 0.27 0.14 0.62 0.40 0.47 0.41 0.50 0.50 0.51 0.50 
0.10 FIS 0.08 -0.04 -0.24 0.07 0.06 0.04 0.30 0.07 0.64 0.63 -0.26 -0.23 0.09 0.20 -0.29 -0.29 0.01 -0.01 
Mdo10 
572 n 22 43 48 38 46 15 50 44 53 7 21 20 49 27 10 10 55 14 
6 Na 2 2 2 2 2 2 2 2 6 1 2 1 2 2 1 1 2 2 
1.71 AR 1.37 1.79 1.40 1.22 1.70 1.99 1.98 1.89 2.27 1.00 1.94 1.00 1.74 1.61 1.00 1.00 1.83 2.00 
0.22 HE 0.09 0.26 0.10 0.05 0.21 0.48 0.45 0.33 0.33 0.00 0.37 0.00 0.23 0.17 0.00 0.00 0.29 0.52 
0.22 HO 0.09 0.30 0.10 0.05 0.24 0.33 0.46 0.27 0.23 0.00 0.29 0.00 0.27 0.19 0.00 0.00 0.31 0.86 
0.00 FIS -0.02 -0.17 -0.04 -0.01 -0.13 0.31 -0.03 0.17 0.32 \ 0.24 \ -0.14 -0.08 \ \ -0.07 -0.70 
                Table 2.6 continued on next page 
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                Table 2.6 continued 
Mdo11 
571 n 22 43 48 38 46 15 50 44 52 7 21 20 49 27 10 10 55 14 
18 Na 3 2 2 5 4 2 3 3 9 4 2 3 3 3 2 2 2 2 
2.54 AR 2.36 1.98 1.72 2.92 2.87 1.98 1.35 2.82 4.36 3.29 1.94 1.97 2.31 2.10 1.93 2.00 1.86 2.00 
0.45 HE 0.54 0.44 0.22 0.50 0.63 0.43 0.08 0.61 0.80 0.66 0.37 0.27 0.53 0.40 0.34 0.52 0.31 0.52 
0.40 HO 0.23 0.37 0.25 0.50 0.59 0.60 0.08 0.32 0.46 0.86 0.29 0.20 0.57 0.30 0.40 0.30 0.35 0.50 
0.16 FIS 0.58 0.16 -0.13 0.00 0.07 -0.40 -0.02 0.48 0.43 -0.33 0.24 0.26 -0.09 0.26 -0.20 0.44 -0.11 0.03 
Lma21 
564 n 22 42 48 38 46 15 49 44 48 7 21 20 49 27 10 10 54 14 
24 Na 7 6 4 8 6 4 3 7 22 4 4 3 5 5 3 5 6 5 
4.15 AR 4.47 3.73 2.50 4.96 3.31 3.15 2.44 4.56 5.85 3.94 3.23 2.73 3.08 3.36 2.45 3.80 3.40 3.73 
0.69 HE 0.77 0.68 0.46 0.83 0.66 0.64 0.56 0.79 0.90 0.80 0.66 0.61 0.67 0.69 0.57 0.73 0.69 0.73 
0.88 HO 0.68 0.81 0.52 0.95 0.87 0.87 0.90 0.93 0.79 1.00 1.00 1.00 1.00 0.96 1.00 0.80 0.89 0.86 
-0.26 FIS 0.12 -0.19 -0.13 -0.15 -0.32 -0.37 -0.61 -0.18 0.12 -0.27 -0.54 -0.67 -0.50 -0.40 -0.82 -0.11 -0.28 -0.18 
Ave. all 
loci 
 n 22 43 48 38 46 15 50 44 50 7 21 20 49 27 10 10 55 14 
 Na 4 3 3 5 4 3 3 4 12 3 3 3 4 3 3 3 3 3 
 AR 2.91 2.60 1.96 2.86 2.65 2.40 1.79 3.15 4.25 2.63 2.54 2.18 2.69 2.19 2.17 2.27 2.35 2.65 
 HE 0.55 0.52 0.35 0.50 0.50 0.49 0.35 0.62 0.73 0.59 0.51 0.47 0.54 0.43 0.45 0.48 0.48 0.55 
 HO 0.41 0.51 0.40 0.49 0.49 0.51 0.41 0.52 0.42 0.59 0.54 0.54 0.55 0.39 0.56 0.42 0.53 0.52 
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Figure 2.4. A stacked bar graph representing the variation in observed heterozygosity (HO) among populations and loci between the three groups 
(contemporary invasive SA, contemporary native USA, historic native USA). Reservoirs (excluding Lake Erie (LE)) are indicated with an asterisks 
(*). 
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Table 2.7. Pairwise FST values between contemporary invasive, contemporary native and historic native M. dolomieu populations. Values are based 
on eight microsatellite loci and statistical significant results are indicated in bold (P < 0.05). 
      BE BR BU DO KO KR MP OL DET HUD LOL NIA ONEI ONEO SAR STL VES 
BE —                 
BR 0.231 —                
BU 0.406 0.269 —               
DO 0.192 0.080 0.211 —              
KO 0.229 0.088 0.237 0.066 —             
KR 0.274 0.108 0.389 0.139 0.082 —            
MP 0.469 0.325 0.349 0.260 0.225 0.309 —           
OL 0.146 0.064 0.269 0.101 0.071 0.097 0.274 —          
DET 0.276 0.198 0.438 0.247 0.261 0.290 0.532 0.210 —         
HUD 0.278 0.180 0.397 0.233 0.226 0.278 0.461 0.159 0.094 —        
LOL 0.331 0.209 0.429 0.265 0.261 0.339 0.527 0.205 0.253 0.139 —       
NIA 0.239 0.111 0.277 0.133 0.119 0.195 0.340 0.126 0.151 0.088 0.072 —      
ONEI 0.306 0.175 0.407 0.212 0.182 0.248 0.464 0.167 0.263 0.148 0.073 0.049 —     
ONEO 0.335 0.212 0.431 0.261 0.251 0.334 0.534 0.196 0.283 0.144 
-
0.004 0.062 0.038 —    
SAR 0.289 0.197 0.468 0.263 0.227 0.259 0.537 0.182 0.185 0.161 0.128 0.093 0.094 0.121 —   
STL 0.300 0.129 0.367 0.184 0.157 0.219 0.402 0.157 0.218 0.122 0.102 0.041 0.037 0.098 0.129 —  
VES 0.244 0.140 0.336 0.163 0.158 0.184 0.374 0.130 0.188 0.087 0.123 0.040 0.065 0.103 0.131 0.086 — 
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The DIYABC analysis consistently supported the notion of a more recent introduction. 
The first set of scenarios tested (Scenarios 1 – 6; Figure 2.7), revealed that Scenario 2 had the 
highest posterior probability (direct approach: 0.494, 95% CI 0.558 – 0.932; logistic approach: 
0.946, 95% CI 0.930 – 0.962). The second set of analyses (Scenario A - F; Figure 2.7) 
supported both Scenario C and F, with marginally higher values observed for Scenario F (direct 
approach: 0.526, 95% CI 0.088 – 0.964; logistic approach: 0.431, 95% CI 0.342 – 0.520). Type 
I and Type II error rates were marginally low for both scenarios (Scenario 2: Type I error = 
0.433; and Type II error = 0.134 (0.060 – 0.252); Scenario F: Type I error = 0.268; and Type 




















Figure 2.5. PCA analyses conducted on the combined microsatellite genotypes for the three 
groups (i.e. contemporary invasive, contemporary native, historic native). Each dot represents 
a genotyped individual, with colours corresponding to sampled localities. 
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Figure 2.6. STRUCTURE plots representing the population structure within (A) each of the three groups (contemporary invasive SA, contemporary 
native USA, historic native USA) when run independently, and (B) population structure for all localities combined into a single run. Each 
genotyped individual is represented by a vertical line, with each lines’ colour being proportional to the cluster membership of the individual. 
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Figure 2.7. Probable introduction scenarios tested with Approximate Bayesian Computation as 
implemented in DIYABC. C.I – contemporary invasive SA, C.IS – contemporary invasive SA 













Understanding the demographic history of an invasive species is thought to be a 
fundamental constituent of invasion biology. Indeed, numerous studies have compared genetic 
diversity levels across native and invasive ranges in an attempt to reconstruct the invasion 
history of invasive species (reviewed in Lee et al. 2004; Novak & Mack 2005; Roman & 
Darling 2007; Dlugosh & Parker 2008; Rius & Darling 2014). Theory predicts that invasive 
species would experience founding events (i.e. genetic bottleneck) upon introduction, 
ultimately leading to a reduction in genetic variation (Nei et al. 1975). Using the smallmouth 
bass, Micropterus dolomieu, as a model system, I predicted that the contemporary invasive 
(C.I) South African range would have less genetic diversity than the native (historic – H.N and 
contemporary – C.N) North American range. On the contrary, my results revealed marginally 
elevated levels of genetic diversity in the C.I range when compared to the C.N range (Table 
2.3, 2.6). However, this was not the case when comparing both C.N and C.I groups to the H.N 
group, as the H.N range displayed the highest levels of heterozygosity, number of alleles (Na) 
and allelic richness (AR) values (Table 2.6). Although a rarefaction analysis (on the AR), as 
suggested by Dlugosch & Parker (2008), was used to circumvent the sample size discrepancy, 
differences in sample size (historical native USA: n = 53, contemporary native USA: n = 213, 
contemporary invasive SA: n = 306) may still have influenced the results. Similar results were, 
however, obtained by Nielsen et al. (1997) who observed a significant decrease in the number 
of alleles (Na) in a contemporary population of Danish Atlantic salmon (Salmo salar) when 
compared to 60-year-old salmon scales from the same population. They concluded that this 
decrease was likely due a genetic bottleneck in the contemporary population. My results 
support this hypothesis, as Tajima’s D and Fu’s Fs revealed significantly negative values for 
the C.N populations, in addition to displaying high haplotype- and low nucleotide diversity 
levels (Table 2.3), indicative of a population that underwent a genetic bottleneck before 
experiencing a rapid population expansion (Grant & Bowen 1998). Moreover, the lack of 
population structure in the C.N population (Figure 2.5; 2.6) and the limited AR and Na (Table 
2.6) within the microsatellite dataset further support this notion. A possible explanation for the 
temporal decline in AR and heterozygosity within the contemporary native range may be 
explained by overfishing and subsequent stocking events within the USA (i.e. changes in 
population size over time). Early in the 1800’s black bass, particularly Micropterus salmoides 
and M. dolomieu, were being harvested commercially and recreationally at alarming rates for 
consumption purposes (Long et al. 2015). As noted by Allendorf et al. (2008), harvesting often 
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targets specific size classes (which in turn, is closely related to age and sexual maturity), 
thereby reducing the effective breeding population size (Ne) and increasing the rate at which 
genetic variation is lost. By the 1870’s, the overfishing, in addition to industrial pollution 
(Marsh 1867), had dramatically decreased the number of black bass populations, prompting 
the US government to start breeding black bass in hatcheries and enforce stricter policies on 
fishing (Long et al. 2015). In 1903 alone, 528, 365 black bass were released into depauperated 
waterbodies across the USA (Bowers 1905; Loppnow et al. 2013; Long et al. 2015). Hence, 
one can assume that these intense stocking practices could have led to the high levels of 
admixture observed within C.N M. dolomieu individuals and populations, with similar results 
being observed in brook charr (Salvelinus fontinalis) (Lamaze et al. 2012). 
 
Elevated levels of genetic diversity are, however, not uncommon in invasive species in 
a novel invaded range, and are often attributed to multiple introductions and/ or admixture (see 
Rius & Darling 2014 for a comprehensive review) as observed in an array of studies (Kolbe et 
al. 2004; Yonekura et al. 2007; Gillis et al. 2009; Pairon et al. 2010; Funk et al. 2011; Beneteau 
et al. 2012; Gray et al. 2014; Lippens et al. 2017). The results from the STRUCTURE analyses 
contradict the theory that invasive South African M. dolomieu populations originate from a 
single introductory event from the USA in 1937. A genetic cluster, encompassing samples from 
the Berg (BE), Doring (DO), Kouga (KO), and Olifants (OL) Rivers, suggest shared ancestry 
with the H.N USA samples (Figure 2.6), but the remainder of the invasive South African 
populations belong to four additional clusters, hinting at the idea of multiple introductions. The 
ABC results corroborate this notion, as the best-fit scenario suggested a more recent 
introduction from the USA. However, when considering the invasive South African individuals 
associated with the H.N STRUCTURE cluster (Figure 2.6) as a separate South African 
population (C.IS), the ABC analyses supported the STRUCTURE results and suggested at least 
two introductions: one coinciding with the recorded historic introduction and at least one more 
recent introduction. The observed admixture between the C.I and C.N populations (Figure 2.6) 
suggests that the more recent introduction also originated from the USA. Although my results 
support the notion of multiple introductions, this should be interpreted with caution as several 
factors may be responsible for this pattern, including an unsampled source population, post 
invasion genetic drift, insufficient marker resolution and admixture in the source population 
(Gray et al. 2014). Given that hatcheries make use of artificial selection techniques to enhance 
species production and abundance (Aprahamian et al. 2003; Lamaze et al. 2012), it is highly 
likely that the introduced M. dolomieu stocks were admixed and/ or hybrid fish, as has been 
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reported for stockings of salmonid fishes (Sloss et al. 2008; Cooper et al. 2010; Lamaze et al. 
2012).  
 
Invasive species capable of harbouring large, genetically diverse source populations are 
thought to make better invaders (Gaither et al. 2013), as they are equipped with high adaptive 
potential (Dlugosch 2006; Lavergne & Molofsky 2007; Wellband & Heath 2017), ultimately 
assisting in local adaptation. Within the invasive South African range, M. dolomieu experiences 
an array of climatic conditions with fluctuating rainfall and temperature regimes (Rutherford 
et al. 2006). However, despite this, M. dolomieu has not only survived, but has established and 
spread throughout the systems into which it was introduced (de Moor & Bruton 1988). 
Although the initial introduced individuals may have been of admixed stock, as mentioned 
before, the substantial amount of admixture observed within M. dolomieu may be due to 
hybridisation events within the invaded range post-introduction, as observed in M. dolomieu 
introductions elsewhere (Whitmore & Butler 1982; Whitmore & Hellier 1988; Avise et al. 
1997; Pipas & Bulow 1998; Bagley et al. 2011). In addition, although sampling was conducted 
away from known angling ‘hotspots’, the human-mediated spread and ‘mixing’ of M. dolomieu 
cannot be ruled out. 
 
Molecular techniques are indispensable tools in invasion biology (Muirhead et al. 2008; 
Blanchet 2012), particularly when wanting to reconstruct a species invasion route and/ or 
history (Wilson et al. 2009; Estoup & Guillemaud 2010). However, sampling problems such 
as the number of native versus invasive populations sampled and/ or the number of individuals 
sampled per population, may hinder the accuracy of the molecular markers to identify the 
source population (Muirhead et al. 2008). To date, however, no study to my knowledge has 
looked at the effect that ‘sampling locality’ may have on each populations’ genetic 
composition, and hence, genetic diversity. For example, aquatic freshwater species, in 
particular fish, are often collected from natural or man-made reservoirs due to the ease of 
collection and the large number of individuals present. These specific sampling sites, however, 
often display much lower levels of genetic diversity when compared to rivers, as indicated by 
my results (localities BU and MP in invasive range; Table 2.6, Figures 2.4, 2.6). To illustrate, 
a recent study by Hargrove et al. (2017), reconstructing the invasion history of M. salmoides, 
identified extremely low levels of neutral genetic diversity within the invasive populations. 
However, much of the sampled localities in the invaded range were dams. Their results 
revealed that all dam populations had allele frequencies dominated by a single allele, but this 
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was not the case for the weir population. Thus, caution should be taken when inferring a 
populations’ demographic and/ or invasion history as sampling bias may affect the 
interpretation of the results. 
 
In conclusion, while studies comparing contemporary genetic variation among native 
and invasive ranges are undeniably valuable (Lozier & Cameron 2009), incorporating historic 
DNA is essential as it allows one to monitor temporal changes in genetic diversity often 
overlooked when only comparing contemporary data (Hansen 2002; Lozier & Cameron 2009). 
My results corroborate this idea, proving that genetic diversity can change over time. 
Furthermore, by incorporating historical DNA dating back to the timeframe associated with the 
initial introduction, I showed that M. dolomieu was introduced into South Africa more than 
once, with the genetic signature of the first introduction still being present within various river 
systems. Caution should, however, be taken when working with historical specimens as the 
degraded nature of the DNA not only hampers the successful amplification of the specimens 
(Sefc et al. 2003; 2007), but also renders it susceptible to genotyping discrepancies. Despite 
this, I recommend future studies attempting to infer the demographic history of an invasive 






















INTROGRESSIVE HYBRIDISATION BETWEEN TWO INVASIVE FRESHWATER FISH, 





Introgressive hybridisation (IH), particularly between native and introduced species, 
has been observed in an array of taxa. Freshwater fish have received considerable attention in 
this regard, because many behavioural, biological and ecological characteristics besides 
external fertilisation and genomic compatibilities are often shared among species, thereby 
increasing the likelihood of IH. Introgressive hybridisation is thought to be detrimental to 
hybrid survival, but recent studies suggest that this interspecific admixture may provide 
sufficient genetic variation to facilitate the establishment and spread of novel populations in 
the invaded range. Though many studies look at IH between native and invasive species, few 
have examined the IH between two invasive species in a novel invaded range, and more 
specifically, how introgression may facilitate the invasive success of an alien species in the 
novel range. Using two notorious freshwater invaders (Micropterus dolomieu and M. 
salmoides) as model organisms, I test the hypothesis that hybridisation and introgression can 
occur between two invasive species in a novel invaded range. Using nine microsatellite markers 
and two mtDNA gene regions, I assess the possibility of IH between M. dolomieu and M. 
salmoides. Despite large uncorrected pairwise distances being observed between the two 
species (cytb: 11 – 13 %; COI: 8 – 11 %), mitochondrial introgression was still detected. 
Similarly, simulation and empirical analyses revealed admixed individuals, though IH seemed 
to be unidirectional. My findings suggest that IH may provide a species with sufficient genetic 
variation to adapt to the selective pressures at hand upon introduction and support the idea that 
IH may play a pivotal role in the successful establishment and spread of alien invasive species. 
  





Hybridisation (i.e. the interbreeding between individuals from different groups or 
species - Harrison 1990) and introgression (i.e. incorporating genetic information from one 
individual/ species into another through hybridisation; Anderson & Hubricht 1938), have been 
added to the list of hypotheses that could explain the enhanced performance of some invasive 
species in a new environment (Vilà et al. 2000; Lindholm et al. 2005; Darling et al. 2014; 
Harrison & Larson 2014). Though uncommon and/ or confined to narrow hybrid zones (Rao 
& Lakshmi 1999), introgressive hybridisation (IH) between native and introduced species has 
been observed in various taxa, including plants (Schwarz et al. 2005; Hermansen et al. 2014), 
mammals (Abernathy 1994), birds (Rhymer & Simberloff 1996; Sardell & Uy 2016) and fishes 
(Smith 1992; Avise et al. 1997; Scribner et al. 2000; Near et al. 2003; Kovach et al. 2015). 
Freshwater fishes, in particular, (e.g. trout: Lariagder & Scholl 1996; Echelle & Echelle 1997; 
Kovach et al. 2015; carp: Lamer et al. 2010; catfish: do Prado et al. 2012; cichlids: Firmat et 
al. 2013; sunfishes: Whitmore & Hellier 1988; Avise et al. 1997; Near et al. 2003) have 
received considerable attention in this regard, because closely related species often display 
similar behavioural, biological and ecological characteristics, in addition to exhibiting external 
fertilization and genomic compatibilities (Hubbs 1955; Smith 1992; Mallet 2005; Kovach et 
al. 2015), thereby potentially increasing the likelihood of IH. 
 
Hybridisation and introgression between native and introduced species can lead to a 
multitude of outcomes, such as hybrid swarming (Allendorf & Leary 1988; Mallet 2005), 
competitive exclusion, niche displacement, a decrease in the native species’ fitness or even 
population extinction (Mooney & Cleland 2001; Mallet 2005), depending on the viability and 
reproductive success of the hybrid offspring. In addition, new hybrids often face small 
population sizes and only occur at one or a few locations, making them susceptible to 
backcrossing (Scribner et al. 2001; Mallet 2005; Sardell & Uy 2016). Hence, the hybrid 
survival is reduced, with only a small percentage becoming established and even fewer 
becoming widespread (Thomas 2015). Yet this interspecific admixture may provide sufficient 
genetic variation, either through increased genetic diversity or via the transfer of adaptive 
alleles, to facilitate the establishment and spread of novel populations (Wilson & Bernatchez 
1998; Twyford & Ennos 2012; Berthouly-Salazar et al. 2013; Firmat et al. 2013; Kovach et al. 
2015; Lowe et al. 2015; Pfenning et al. 2016), while counteracting extinction by maintaining 
or increasing the hybrid populations’ size (Drake 2006). This, in turn, may permit population 
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persistence, ultimately providing larger populations and more time for local adaptation to take 
place (Lowe et al. 2015; Pfenning et al. 2016).  
 
A study by Wilson & Bernatchez (1998) on mtDNA introgression between lake trout 
(Salvelinus namaycush) and arctic charr (S. alpinus) was one of the first to highlight the 
potential importance of IH variation. The authors suggested that interspecific mtDNA 
introgression may hold selective advantages for the receiving species (Wilson & Bernatchez 
1998). Recently, Sardell & Uy (2016), studying Myzomela honeyeaters following natural 
dispersal across a geographic barrier, hypothesised that IH will only occur between native and 
introduced species when the novel environment lacks conspecific mating opportunities for the 
colonising species. Similarly, Mayr & Diamond (2001) stated that hybridisation should occur 
if the colonising species is greatly outnumbered by the native species, as observed during the 
initial stages of contact in the novel environment (Wilson & Bernatchez 1998; Scribner et al. 
2001; von der Heyden & Connell 2012; Pfenning et al. 2016). 
 
Though many studies look at IH between native and invasive species, few have 
examined the IH between two invasive species in a novel invaded range, and more specifically, 
how this genomic invasion (i.e. introgression) (Mallet 2005) may facilitate the invasive success 
of an alien species in the novel range. South Africa is considered a global freshwater fish 
invasion hotspot (Leprieur et al. 2008), with non-native fishes a common constituent in all 
major river systems (van Rensburg et al. 2011). Two of the most notorious freshwater invaders 
belong to the genus Micropterus: the smallmouth bass, M. dolomieu (Lacepède 1802), and the 
largemouth bass, M. salmoides (Lacepède 1802) (Ellender & Weyl 2014). Both species have a 
well-documented introduction and subsequent spread history (de Moor & Bruton 1988), and 
have been introduced to an array of water bodies throughout South Africa (de Moor & Bruton 
1988; Skelton 2001), with the initial stocking of M. salmoides commencing in 1930, followed 
by M. dolomieu in 1938. The two species differ in their use of freshwater habitat: M. dolomieu 
prefers clear, fast flowing waters with loose rocky substrate, such as river streams, whereas M. 
salmoides favours clear, slow-flowing or stagnant waters with a high abundance of submerged 
and floating vegetation, as found in impoundments (Skelton 2001). However, both species are 
frequently introduced into the same water bodies (i.e. rivers and impoundments) for angling 
purposes (de Moor & Bruton 1988; Skelton 2001; Hargrove et al. 2015). A well resolved 
phylogeny, (based on 1140 bp of the cytochrome b (cytb) gene fragment) has been constructed 
for Micropterus, with an uncorrected pairwise genetic distance of 13 % (cytb) being observed 
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between M. dolomieu and M. salmoides (Bagley et al. 2011). Evidence for natural hybridisation 
among Micropterus species is sparse (but see Barthel et al. 2010), with all known hybridisation 
events occurring after the human-mediated introduction of one species into another species’ 
range (Whitmore & Butler 1982; Avise et al. 1997; Alvarez et al. 2015) or when two or more 
species are introduced into a man-made reservoir or impoundment as observed between M. 
dolomieu and M. salmoides in Texas, USA (Whitmore & Hellier 1988). These hybridisation 
events are, however, thought to be rare, with Whitmore & Hellier (1988) calculating hybrids 
to represent less than 5 % of the reservoir population. Moreover, they conclude that the 
hybridisation event be ascribed to at least three of the five factors listed by Hubbs (1955): (1) 
an artificial environment (2) large population size differences (3) the introduction of a species 
into a novel habitat (4) the coexistence of a small number of species in a given region and (5) 
impoundments covered with vegetation leading to crowded spawning grounds. This 
background provides a novel and suitable framework to use M. dolomieu and M. salmoides as 
model organisms to test the hypothesis that hybridisation and introgression can occur between 
two invasive species in a novel invaded range. If found to be the case it could have major 
implications for our understanding of invasive species and the drivers facilitating their invasive 
success. For example, IH may promote an ‘Invasional meltdown’ (Simberloff & Von Holle, 
1999), whereby the disturbance initiated by one invasive species assists the establishment of 




MATERIALS AND METHODS 
 
Sampling 
Twenty-two smallmouth bass (SMB) samples were collected from the Clanwilliam 
Dam, Olifants River system (OL), with 17 largemouth bass (LMB) being collected from three 
river systems in which the two species occur sympatrically, namely the Clanwilliam Dam in 
the OL (n = 10), Berg River (BE) (n = 5), and the Breede River (BR) (n = 2) (Figure 3.1). 
Largemouth bass specimens were pooled for all analyses in order to encompass as much M. 
salmoides allelic variation as possible and to have similar sample sizes for each species. All 
samples were collected through angling (excluding a fry which was collected with a hand-held 
net), in the austral summer of 2015 – 2016 (CapeNature permit number 0056-AAA043-00004; 
Ethical clearance reference number SU-ACUM14-00011, University of Stellenbosch). Both 
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species were morphologically identified using the most defining characteristic separating the 
two species, namely the position of the mouth when closed (Figure 3.2 - Skelton 2001). Upon 
collection, a piece of muscle tissue and/or pelvic fin clipping was taken and stored in 95% 
ethanol for further DNA analysis. 
 
Figure 3.1. Sampling localities for M. dolomieu and M. salmoides in the present chapter. The 
abbreviations OL, BE and BR denotes the Olifants River, Berg River and Breede River, 
respectively. 
 
DNA extraction and amplification 
Total genomic DNA was extracted from each tissue sample using the NucleoSpin 
Tissue extraction kit (MACHEREY-NAGEL, Separations, Cape Town, South Africa) 
following the manufacturers protocol. To validate the morphological identification of the 
collected individuals, a portion of two mitochondrial (mtDNA) gene regions, namely 
cytochrome b (cytb) and cytochrome oxidase subunit I (COI) was amplified through a 
polymerase chain reaction (PCR). For the 25 μL cytb PCR reaction, the following mix was 
used: 01 μL Supertherm Taq polymerase, 2.5 μL buffer, 3 μL MgCl2 (all three supplied by 
JMR Holdings), 0.5 μL dNTP mix (10 mM), 0.5 μL each of forward and reverse primers (10 
mM), 14.9 μL ddH2O and 2-5 μL genomic DNA. The internal cytb primers, basscytbf1 (5ˊ-
CAC CCC TAC TTC TCC TAC AAA GA- 3ˊ) and basscytbr1 (5ˊ-AAG GCR AAG AAG 
CGG GTG AGG G- 3ˊ; Near et al. 2003) were used to amplify the cytb fragment under the 
following PCR thermocycling profile: denaturation at 95 °C for 1 min, followed by 40 cycles 
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of 40 s at 95 °C, 40 s at 56 °C (annealing temperature) and 1 min at 72 °C, with the final 
extension performed for 10 min at 72 °C. Similarly, a 20 μL PCR mix was used for amplifying 
the COI gene fragment, using the standard barcoding primers, VF2 (5ˊ-TCA ACC AAC CAC 
AAA GAC ATT GGC AC- 3ˊ) and FishR2 (5ˊ-ACT TCA GGG TGA CCG AAG AAT CAG 
AA- 3ˊ; Ward et al. 2005). The PCR mix contained the following: 01 μL Taq polymerase (5 
U/ μL, TaKaRa TaqTM), 2 μL of 10x Buffer (Mg2+), 1.6 μL dNTP mix (2.5 mM) (both from 
TaKaRa TaqTM), 0.4 μL of both forward and reverse primers (10 mM), 6.25 μL ddH2O, 6.75 
μL sugar and 2-5 μL genomic DNA. The PCR cycling conditions were as follows: denaturation 
for 2 min at 94 °C, then 35 cycles of 30 s at 94 °C, 40 s at 49 °C (annealing temperature) and 
1 min at 72 °C, with the final extension performed for 10 min at 72 °C. Amplified PCR products 
were sequenced on an automated sequencer (ABI 3730 XL DNA Analyzer, Applied 
Biosystems, CAF, Stellenbosch, South Africa) before being visually inspected and aligned in 
Geneious® 10.0.2 (Biomatters, Auckland, New Zealand).  
 
Figure 3.2. Images taken from Skelton (2001) of a smallmouth bass (M. dolomieu) (A) and a 
largemouth bass (M. salmoides) (B) illustrating the morphological differences between the two 
species. 
 
To test for the presence of hybrid individuals, nine nuclear microsatellites markers 
(Mdo3, Mdo4, Mdo5, Mdo7, Mdo8, Mdo9, Mdo10, Mdo11, Lma21 - Colbourne et al. 1996; 
Malloy et al. 2000) were genotyped in three multiplex reactions (Table 3.1), with the following 
conditions for each 10 μL reaction: 5 μL Kapa2G™ Fast Multiplex Mix (Kapa Biosystems, 
Cape Town, South Africa), 0.2 μL of each primer (10 nmol) and 1 μL template DNA. The PCR 
cycling parameters followed those specified under the Low Plex cycling step, as specified by 
Kapa2G™ Fast Multiplex PCR Kit: denaturation for 3 min at 95 °C, followed by 30 cycles of 
15 s at 95 °C, 30 s at primer dependant annealing temperature (see Table 3.1) and 30 s at 72 
°C, with the final extension being performed for 10 min at 72 °C. All microsatellite genotyping 
was performed on the ABI 3730 XL DNA Analyzer (Applied Biosystems, CAF, Stellenbosch, 
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South Africa), using LIZ as an internal size marker. Geneious® 10.0.2 (Biomatters, Auckland, 
New Zealand) was used to score the microsatellites. To ensure accurate scoring, reference 
individuals previously scored were used as positive control. 
 
Mitochondrial DNA analyses 
To assess the population structure within and between the two species, a NeighbourNet 
Network was constructed for both the cytb and COI gene fragments using Splitstree 4.10 
(Bryant & Moulton 2004). ARLEQUIN version 3.5.2.2 (Excoffier & Lischer 2010) was used 
on the pooled datasets (SMB and LMB) to calculate the haplotype (h) and nucleotide (π) 
diversity of each species and gene fragment.  
 
Microsatellite genotyping and analyses 
Genetic diversity and population structure 
Microsatellite markers were tested for Hardy-Weinberg equilibrium and linkage 
disequilibrium in Genepop 4.2.1 (Rousset, 2008), before being assessed for amplification 
errors associated with large allele drop out, the presence of null alleles and stuttering in 
MICROCHECKER (Van Oosterhout et al. 2006). As the majority of loci for both M. dolomieu 
and M. salmoides were found to not be in Hardy-Weinberg equilibrium and null alleles were 
detected for Mdo3, Mdo7, Mdo8 and Lma21 in the M. salmoides dataset, FreeNA (Chapuis & 
Estoup 2007) was employed to re-assess the presence of null alleles using the EM algorithm 
(Dempster et al. 1977) for each population and locus. Null allele frequency values below 20% 
have been shown to not significantly impact estimation of genetic divergence (Chapuis & 
Estoup 2007), and was consequently used as the cut-off value.  
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Table 3.1. Microsatellite loci amplified in the present study with the corresponding primer sequence, size, repetition pattern, optimised annealing 
temperature and dye labels used. 
Loci Primer Sequence Reference 
Size               
(bp) 
Repetition Pattern 







F: 5' AGGTGCTTTGCGCTACAAGT 3'                                                                                                                         
R: 5' CTGCATGGCTGTTATGTTGG 3' 
Malloy et al. 2000 135 (CA)20 53.9 1 6-FAM 
Mdo4 
F: 5' TCTGAACAACTGCATTTAGACTG 3'                                                                                                                  
R: 5' CTAATCCCAGGGCAAGACTG 3' 
Malloy et al. 2000 142 (CA)11 53.9 1 NED 
Mdo5 
F: 5' CAGGTTCCCTCTCACCTTCA 3'                                                                                                                         
R: 5' ATGGTCTCACCAGGGACAAA 3' 
Malloy et al. 2000 200 (CT)gCC(CA)10GA(CA)3TA(CA)2 61.0 3 PET 
Mdo7 
F: 5' TCAAACGCACCTTCACTGAC 3'                                                                                                                            
R: 5' GTCACTCCCATCATGCTCCT 3' 
Malloy et al. 2000 172 (CA)12 53.9 1 VIC 
Mdo8 
F: 5' GTGAGGACCAGCCAAAATGT 3'                                                                                                                        
R: 5' GGAAGATTGAGGTCCCAACA 3' 
Malloy et al. 2000 220 (CA)19 58.3 2 NED 
Mdo9 
F: 5' TTTGATGGGCGTTTTGTGTA 3'                                                                                                                            
R: 5' GACCGGTCCTGCATATGATT 3' 
Malloy et al. 2000 126 (GT)10 58.3 2 PET 
Mdo10 
F: 5' GTGTCTCCGTGTGTTGATGG 3'                                                                                                                          
R: 5' AACACCAGAGGCAAACAAGC 3' 
Malloy et al. 2000 101 (GT)10 58.3 2 VIC 
Mdo11 
F: 5' TTGTGGAGAGGGGCATAAAC 3'                                                                                                                            
R: 5' GCATCCTCCCACGTTACCTA 3' 
Malloy et al. 2000 174 (GT)11GA(GT)3 58.3 2 6-FAM 
Lma21 
F: 5' CAGCTCAATAGTTCTGTCAGG 3'                                                                                                                       
R: 5' ACTACTGCTGAAGATATTGTAG 3' 
Colbourne et al. 1996 158-182 (TC)19(AC)11 61.0 3 6-FAM 
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To determine if the individuals of each species clustered into one group, STRUCTURE 
2.3.4 (Pritchard et al. 2000) was used on the microsatellite data. Ten preliminary runs for K = 
2 were performed, using the no-admixture model (with independent allelic frequencies). The 
burn-in was set to 50,000 followed by 250,000 MCMC iterations. Structure Harvester (Earl 
2012) was then used to collate the STRUCTURE results and to determine the most probable 
K, based on the Evanno method (Evanno et al. 2005), before exporting the appropriate input 
files required by CLUMPP (Jakobsson & Rosenberg 2007). Distruct (Rosenberg 2004) was 
used to visualise the final results.  
 
To determine whether the microsatellite dataset was adequate to distinguish between 
M. dolomieu and M. salmoides, pairwise FST values, using the ENA correction and assessing 
the statistical significance with 10,000 iterations, was calculated in FreeNA (Chapuis & Estoup 
2007). Secondly, a factorial correspondence analysis (FCA) as implemented in GENETIX 
(Belkhir et al. 1996), was used to visualise the genetic variation across all specimens. This 
method employs allelic frequencies and genetic relatedness to group individuals, rather than 
Hardy-Weinberg equilibrium assumptions. Lastly, the distribution of allelic frequencies for 
each microsatellite locus was plotted to evaluate their presence and frequency within each 
species. As homoplasy may mimic hybridisation through insertions or deletions in the flanking 
region or core sequence of the microsatellite (Estoup et al. 2002; Ellegren 2004; Henriques et 
al. 2016), the loci displaying allelic overlap between the two species were sequenced for six 
individuals of each species in order to compare their flanking regions, and so determine if the 
observed admixture is due to hybridisation, incomplete lineage sorting or homoplasy 
(Henriques et al. 2016). Lastly, genetic diversity indices, such as allelic richness (AR), number 
of alleles (Na), observed heterozygosity (HO), expected heterozygosity (HE) and the inbreeding 
coefficient (FIS) were calculated in FSTAT (Goudet 1995), Genotype Viewer (S. Kalinowski, 




To test the hypothesis that hybridisation occurs between M. dolomieu and M. salmoides, 
a two-fold approach was implemented. Firstly, to determine the suitability of the microsatellite 
dataset in accurately detecting multiple hybridisation events, HybridLab (Nielsen et al. 2006) 
was used to simulate five hybrid states: “pure” species, F1, F2, backcrosses of F1 with M. 
dolomieu and backcrosses of F1 with M. salmoides. A total of 40 hybrids were simulated for 
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each state. Preliminary mtDNA analyses identified two of the 22 M. dolomieu specimens as 
being M. salmoides (though both specimens clustered with the 20 M. dolomieu in the 
STRUCTURE analysis), whereas one of the M. salmoides specimens, based on the 
microsatellite dataset, clustered with the M. dolomieu specimens. Hence, these three 
individuals were excluded from the dataset used to generate the “pure” species (thus n = 20 M. 
dolomieu and 16 M. salmoides) genotypes. To test the accuracy of STRUCTURE (Pritchard et 
al. 2000) in detecting different levels of hybridisation, all five datasets (simulated genotypes as 
well as confirmed “pure” species genotypes) were run using the admixture model with 
independent allele frequencies. Five replicates of K = 2, with an initial burn-in of 50,000 and 
the same number of MCMC steps, were conducted on each dataset. Following Henriques et al. 
(2016) the posterior probability of assignment (q) was used to identify the putative hybrids. A 
consensus is yet to be reached regarding the value of q to be used to distinguish between “pure” 
and admixed individuals (Vähä & Primmer 2006), as q = 0.1 (10 % admixture) decreases the 
chances of incorrectly assigning “pure” individuals to hybrid status, and q = 0.2 (20 % 
admixture) increases the accuracy to correctly assign individuals to their classes (i.e. “pure” vs 
hybrids) (Vähä & Primmer 2006; Henriques et al. 2016). Therefore, I followed Henriques et 
al. (2016), and set the threshold for “pure” M. dolomieu to q = 0.9 and “pure” M. salmoides to 
q = 0.1 (Vähä & Primmer 2006), followed by a threshold of q = 0.8 for “pure” M. dolomieu 
and q = 0.2 for “pure” M. salmoides. Hybrid individuals were identified as 0.1 < q < 0.9 and 
0.2 < q < 0.8, respectively. CLUMPP (Jakobsson & Rosenberg 2007) and Distruct (Rosenberg 
2004) was used to visualise the results.  
 
Secondly, NewHybrids (Anderson & Thompson 2002), implementing a Bayesian 
approach, was used to corroborate the STRUCTURE results. Unlike STRUCTURE which uses 
Hardy-Weinberg equilibrium to detect genetic clusters, NewHybrids relies on genotypic 
frequencies to assess an individuals’ hybrid status, thus making it more robust to hybrid 
detection (Anderson & Thompson 2002). Due to this, the posterior probability (qi) threshold 
was lowered to 0.5, as suggested by Aboim et al. (2010). PGDSpider 2.1.0.3 (Lischer & 
Excoffier 2012), along with the genotypes simulated for each of the five states (“pure” species, 
F1, F2, backcrosses of F1 with M. dolomieu and backcrosses of F1 with M. salmoides) in 
HybridLab (Nielsen et al. 2006), was used to generate the input files (for the same five states) 
for NewHybrids. The Jeffreys Prior was selected for both mixing and allelic frequencies, and 
each analysis started with an initial burn-in of 50,000 MCMC steps, followed by 200,000 
MCMC iterations. Once again, each state was re-ran five times before averaging the posterior 
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probability over the five runs. Following the preliminary analyses, the original dataset (n = 22 
M. dolomieu and 17 M. salmoides) was assessed for hybridisation events and hybrid status in 






Mitochondrial DNA analyses 
A total of 22 M. dolomieu individuals, representing the OL drainage system, and 17 M. 
salmoides individuals, representing three drainage systems (OL, BE, BR) where the two 
species co-occur, were sequenced for a 237 bp fragment of cytb and a 409 bp fragment of the 
COI gene. Two of the M. dolomieu specimens (SMB7, SMB13) possessed mtDNA gene 
regions associated with that of M. salmoides (Figure 3.3), and were thus excluded when 
calculating the diversity indices for M. dolomieu. Eight haplotypes were retrieved for M. 
dolomieu with the cytb gene fragment, while COI rendered 16 haplotypes. Similarly, 12 and 
13 haplotypes were retrieved for M. salmoides using the partial cytb and COI gene fragments, 
respectively (Table 3.2). Both partial gene fragments confirmed the distant relationship 
between these two species, with the uncorrected sequence divergence ranging from 11 - 13 % 
for cytb, and 8 - 9 % for COI. This relationship is also reflected in the NeighbourNet network 
(Figure 3.3). Both M. dolomieu and M. salmoides showed very similar haplotype diversity 
levels, but M. dolomieu had a much lower nucleotide diversity (Table 3.2). 
 
Table 3.2. Genetic diversity levels for M. dolomieu and M. salmoides COI and cytb partial gene 
regions: number of individuals (n), number of haplotypes (H), haplotype diversity (h), 





Species  Gene Region n H h π 
M. dolomieu 
COI 20 16 0.968 ± 0.028 0.066 ± 0.034 
Cytb 20 8 0.546 ± 0.128 0.037 ± 0.020 
M. salmoides 
COI 16 13 0.950 ± 0.049 0.226 ± 0.115 
Cytb 14 12 0.934 ± 0.046 0.338 ± 0.172 
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Microsatellite genotyping and analyses 
Genetic diversity and population structure 
A total of 39 individuals (22 M. dolomieu and 17 M. salmoides) were successfully 
genotyped for nine microsatellite markers. The resulting microsatellite dataset did not conform 
to Hardy-Weinberg equilibrium expectations (i.e. random-mating across loci and samples), but 
did conform to linkage equilibrium between loci. No evidence for large allele dropout or 
stuttering was observed, nor were null alleles detected after the ENA correction method was 
employed. The STRUCTURE analysis illustrated that approximately 98% (q ≥ 0.9) of all 
individuals were correctly assigned to each cluster, corroborating the species’ boundaries 
observed with the mtDNA. Pairwise FST values, using the ENA correction, revealed no 
significant difference between M. dolomieu and M. salmoides in either of the loci, or across all 
loci (FST = 0.452, P = 0.325). The FCA analysis illustrated two distinct clusters, one for each 
species, with the first two axes explaining 35.30 % of all the variation. Low variation was 
present within M. dolomieu (i.e. they clustered near to one another), whereas several outlier 
individuals were observed for M. salmoides (Figure 3.4). The expected heterozygosity (HE) per 
locus ranged from 0.17 – 0.75 in M. dolomieu and 0.11 – 0.77 in M. salmoides, while the 
observed heterozygosity (HO) per locus ranged from 0.14 – 0.77 in M. dolomieu and 0.00 – 






























Figure 3.3. NeighbourNet network of M. dolomieu (red) and M. salmoides (blue) for the mitochondrial cytochrome b (M. dolomieu: n = 22; M. 
salmoides: n = 14) (A) and cytochrome oxidase subunit I (M. dolomieu: n = 22; M. salmoides: n = 16) (B) partial gene fragments. 
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Several alleles specific to either of the two Micropterus species could be identified from 
the allelic frequency histograms for the nine microsatellite loci (Figure 3.5). In particular, 
alleles 137 and 139 in Mdo4, 161 and 177 in Mdo7, 217 in Mdo8, 155 in Mdo9, 94 in Mdo10, 
246 and 248 in Mdo11 and 173 in Lma21 appeared to be common, perhaps even fixed, in M. 
salmoides. Alleles unique to M. dolomieu were, however, not as common, with allele 192 in 
Mdo5, 169 and 171 in Mdo7 and 195, 197, 201 in Lma21 being the most abundant (Figure 
3.5). No evidence for homoplasy was observed in any of the microsatellite loci when 
comparing M. dolomieu and M. salmoides’ sequence alignment. 
 
 
Table 3.3. Genetic diversity measures (n = number of genotyped individuals; Na = number of 
allelels; AR = allelic richness for a minimum of 13/17 individuals; HE = expected 
heterozygosity, HO = observed heterozygosity; FIS = inbreeding coefficient) for nine 
microsatellite loci amplified for both M. dolomieu and M. salmoides. 
Locus   M. dolomieu M. salmoides 
Mdo3 
n 22 17 
Na 3.00 2.00 
AR 2.59 1.95 
HE 0.44 0.11 
HO 0.50 0.00 
FIS -0.14 1.00 
Mdo4 
n 22 17 
Na 3.00 4.00 
AR 2.53 3.52 
HE 0.17 0.27 
HO 0.18 0.24 
FIS -0.06 0.14 
Mdo5 
n 22 17 
Na 3.00 2.00 
AR 3.00 2.00 
HE 0.65 0.26 
HO 0.55 0.06 
FIS 0.16 0.78 
Mdo7 
n 22 17 
Na 4.00 5.00 
AR 4.00 4.72 
HE 0.75 0.70 
HO 0.77 0.41 
FIS -0.03 0.42 
Mdo8 
n 22 13 
Na 4.00 6.00 
AR 3.57 6.00 
HE 0.42 0.79 
HO 0.36 0.23 
FIS 0.14 0.50 
   Table 3.3 continued on next page 
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n 22 17 
Na 4.00 4.00 
AR 2.77 4.71 
HE 0.13 0.32 
HO 0.14 0.18 







n 22 17 
Na 3.00 3.00 
AR 2.59 3.90 
HE 0.53 0.22 
HO 0.59 0.12 







n 22 15 
Na 4.00 6.00 
AR 3.43 5.96 
HE 0.46 0.77 
HO 0.50 1.00 




n 22 17 
Na 4.00 5.00 
AR 3.58 4.70 
HE 0.48 0.45 
HO 0.55 0.24 





Figure 3.4. Factorial Components Analysis (FCA) for M. dolomieu (red) and M. salmoides 
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Test for hybridisation 
The STRUCTURE analysis, based on the simulated genotype dataset obtained from 
HybridLab, revealed that accurate detection of F1 and F2 hybrid states were possible, but lost 
precision with an increase in hybrid states (i.e. backcrosses with either species). Detection of 
backcrosses was, however, drastically improved (17.5% - 20% improvement) by lowering the 
posterior probability of assignment (q) to 0.2 rather than 0.1, thus increasing the accuracy to 
correctly assign individuals to “pure” vs hybrid states (Figure 3.6). The NewHybrids analysis 
displayed an overall improvement in hybrid detection when compared to the q = 0.9 
STRUCTURE analysis, with an overall accurate detection value of 88.75% compared to 82. 
50%. Comparable results were, however obtained when compared to the q = 0.8 STRUCTURE 
analysis (overall accurate detection value of 91.88%), with the lack of accurate detection of F1 
hybrids by NewHybrids decreasing its overall accuracy percentage (Figure 3.6). The original 
microsatellite dataset revealed two individuals, namely SMB16 and LMB1, to have admixed 
origins, while one individual, namely LMB6, was identified as M. dolomieu though both 
mtDNA and morphology supported its M. salmoides status. The NewHybrids analysis 
corroborated all the STRUCTURE results, in addition to identifying LMB1 as a F2 hybrid 
(Table 3.4; Figure 3.7). Thus, based on multiple analyses, of the 22 M. dolomieu individuals 
collected, two were identified as putative hybrids (mtDNA introgression), while two out of 17 
M. salmoides were identified as putative hybrids (Table 3.4). 
 
Table 3.4. Micropterus dolomieu (SMB) and M. salmoides (LMB) individuals showing 
evidence of introgressive hybridisation as identified through morphology, combined COI and 
cytb mtDNA sequence data and microsatellite genotypic assignments using STRUCTURE 




Morphology mtDNA STRUCTURE (q) NewHybrids 
SMB7 OL M. dolomieu M. salmoides M. dolomieu M. dolomieu 
SMB13 OL M. dolomieu M. salmoides M. dolomieu M. dolomieu 
SMB16 OL M. dolomieu M. dolomieu Admixed (0.90): M. dolomieu M. dolomieu 
LMB1 OL M. salmoides M. salmoides Admixed (0.46): M. salmoides F2 
LMB2 OL M. salmoides M. salmoides M. salmoides M. salmoides 
LMB3 OL M. salmoides M. salmoides M. salmoides M. salmoides 
LMB6 OL M. salmoides M. salmoides M. dolomieu M. dolomieu 
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Figure 3.5. Histograms displaying the alleles and their corresponding frequencies for each of the nine microsatellite loci used in the present study. 
Micropterus dolomieu is depicted by the red bars while M. salmoides is represented by the blue bars. 
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Figure 3.6. The percentage of correctly assigned hybrids to each hybrid class, as determined 
by STRUCTURE (based on HybridLab genotype simulations) and NewHybrids. The posterior 
probability of assignment (q) used to assess the percentage is indicated above each graph. Red 
bars represent M. dolomieu, blue bars represent M. salmoides and green bars denote hybrids. 
 
.
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Figure 3.7. The STRUCTURE results for the original microsatellite dataset, based on multilocus assignment tests for hybrid identification (K = 
2). Each red bar represents a M. dolomieu specimen (n = 22), while each green bar represents a M. salmoides specimen (n = 17). Probability of 
assignment to each species, as indicated by the dashed lines, was calculated by q > 0.9 – pure M. dolomieu; q < 0.1 – pure M. salmoides; 0.1< q < 
0.9 – putative hybrids.
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Introgressive hybridisation (IH), though initially thought to be rare, is increasingly 
being recognised as an essential source of novel genetic variation, particularly among fishes 
(Hubbs & Bailey 1940; Hubbs 1955; Smith 1992; Wilson & Bernatchez 1998; Kovach et al. 
2015). The result of my study corroborates this trend and shows that IH can occur between two 
invasive species in a novel invaded range. Micropterus dolomieu and M. salmoides are known 
to have overlapping native distribution ranges, and are often found co-occurring both in native 
and introduced/invasive ranges through niche (habitat/food/resources) partitioning (Olson & 
Young 2003; Olson et al. 2003). Though hybridisation among Micropterus species is 
considered rare under natural conditions, introgression within this genus has been observed 
between an array of species, most notably when either species is introduced into an area in 
which it does not naturally occur (Near et al. 2003), or the introduced species’ numbers are 
relatively small when compared to the receiving population (Hubbs 1955; Whitmore & Hellier 
1988). Surprisingly, however, is that M. dolomieu is involved in the majority of Micropterus 
hybridisation events (Whitmore & Hellier 1988). Recorded hybridisation events within the 
Micropterus genus include: sister species, M. dolomieu and M. punctulatus (spotted bass) 
(Avise et al. 1997; Bagley et al. 2011), M. salmoides X M. floridanus (Florida bass) (Bagley et 
al. 2011) as well as M. punctulatus X M. cataractae (shoal bass) (Alvarez et al. 2015), M. 
dolomieu X M. treculii (Guadalupe bass) (Whitmore & Butler 1982) and M. dolomieu X M. 
salmoides (Whitmore & Hellier 1988). Potential IH was also documented for M. dolomieu X 
M. coosae (Pipas & Bulow 1998), but due to only one allozyme marker being used in this 
study, this IH event seems highly questionable, especially given the fact that no genus level 
studies since (Near et al. 2003; Bagley et al. 2011) have detected this potential crossing.  
 
Genetic distances, (calculated for mtDNA coding regions) based on uncorrected 
pairwise differences (p), are often used to determine the success and viability of hybrids 
(Edmands 2002; Mallet 2005), with a genetic distance between 5 – 10 % being considered the 
threshold for freshwater systems. After this, hybrids are thought to no longer be viable (Mallet 
2005). My results revealed an uncorrected pairwise genetic distance of 11 - 13 % for cytb (and 
8 - 11 % for COI) between M. dolomieu and M. salmoides, corroborating the values obtained 
by Bagley et al. (2011) (Table 3.5). Although these values are higher than the proposed 
threshold values, and would thus be expected to obstruct viable offspring formation, this does 
not seem to be the case. Because mtDNA introgression was observed, but no F1 hybrids were 
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detected (Table 3.4), it’s probable that this resulted from subsequent backcrossing between the 
hybrids and either of the “pure” M. dolomieu and M. salmoides species. This hypothesis is 
further supported by the fact that STRUCTURE loses detection accuracy to detect 
hybridisation events as the number of backcrossings increase (i.e. 97.5 % accuracy in detecting 
F1 hybrids, with a steady decrease to 70 – 65 % in backcrosses), resulting in these undetected 
backcrosses being genetically similar to one of the parental species (Figure 3.5). However, this 
may just be a statistical artefact from the markers used. Furthermore, it must be noted that the 
small sample size may have affected the statistical power of the analyses, but this does not 
influence the presence of hybrid individuals. Moreover, my results suggest a unidirectional IH 
between M. dolomieu and M. salmoides, with M. salmoides contributing the eggs and M. 
dolomieu the sperm. Strong directional bias can be attributed to differing egg size between M. 
dolomieu and M. salmoides, as observed in S. alpinus and S. namaycush (Wilson & Herbert 
1993). Wilson & Herbert (1993) postulated that a cross between the smaller female species (S. 
alpinus) and larger male species (S. namaycush) would result in hybrids having caudal 
deformities due to a smaller egg volume. Differing egg volumes, particularly when the smaller 
eggs are produced by the female species, have long been known to impair hybrid success (Day 
1884), and was corroborated by Philipp et al. (1983) who found that when crossing M. 
salmoides eggs with M. dolomieu sperm, the hybrid egg viability had the same success rate as 
M. salmoides eggs being fertilised by M. salmoides sperm. Contrastingly, however, M. 
dolomieu eggs, when fertilised with M. salmoides sperm, had much lower hatching rates and 
an increase in hybrid deformities (Philipp et al. 1983). 
 
Table 3.5. Pairwise sequence divergence among Micropterus species based on the cytb gene 
region, as calculated by Bagley et al. (2011). 
Species M. dolomieu M. punctulatus M. salmoides M. floridanus M. coosae M. treculii 
M. dolomieu 0.000      
M. punctulatus 0.012 0.000     
M. salmoides 0.130 0.128 0.000    
M. floridanus 0.131 0.126 0.040 0.000   
M. coosae 0.133 0.132 0.113 0.107 0.000  
M. treculii 0.120 0.117 0.080 0.076 0.102 0.000 
* Table adapted from Bagley et al. (2011). 
 
In situ IH is more likely to occur in disturbed environments (e.g. introduced species in 
novel environments), especially if the introduced species’ populations are small (Hubbs 1955; 
Wilson & Bernatchez 1998), as admixed offspring, though not ideal, may still contribute to the 
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species’ persistence in the novel range (Lowe et al. 2015). Thus, hybridisation will assist in 
maintaining or increasing the population size, hence counteracting population extinction 
(Wilson & Bernatchez 1998; Mallet 2005; Pfennig et al. 2016). If this is indeed the case, it 
would allow the novel population more time and a larger population for intraspecific admixture 
(i.e. genetic rescue) and/ or for new mutations to arise, thus promoting local adaptation (see 
Chapter 5; Pfennig et al. 2016). This may have been the case with the smallmouth bass 
introduction to the Olifants River system (OL), and more specifically, the Clanwilliam Dam. 
The Clanwilliam Dam was initially stocked with M. salmoides in 1936 and 1937 and was 
considered established and abundant by 1945 – the year the first M. dolomieu fry were released 
into the upper reaches of the OL (Harrison 1963). As proposed by Wilson & Bernatchez (1998), 
M. salmoides mtDNA fixation following hybridisation could also have occurred via drift or 
founder effects. If both M. dolomieu and M. salmoides had small founding population sizes, or 
if small populations persisted in the Clanwilliam Dam for several generations, fixation of the 
mtDNA could have occurred quickly. Indirect support for the hypothesis of small founder 
population size and/or constrained population size can be found in the low introduction 
numbers (de Moor & Bruton 1988), the low Allelic richness (AR) values of the microsatellites, 
as well as the low mtDNA diversity, portraying a rapid population expansion (Table 3.2 and 
2.3). Alternatively, M. dolomieu and M. salmoides could still currently be hybridising, but the 
lack of F1 detected generations does not support this notion. However, this may merely be the 
result of a limited sample size. Instead, these results suggest that the admixture obtained 
through IH may have provided M. dolomieu with sufficient genetic variation to adapt to the 
selective pressures at hand, either through the transfer of adaptive/ specific alleles from M. 
salmoides or through an increase in genetic diversity (Wilson & Bernatchez 1998; Mallet 2005; 
Rieseberg et al. 2007), and in doing so facilitated its range expansion. 
 
In conclusion, my results not only show that IH is possible between M. dolomieu and 
M. salmoides, but also that IH between the two species appears to be common within the 
Olifants River system, thereby supporting the finding of Whitmore & Hellier (1988). 
Furthermore, my findings support the idea that IH may be correlated with the successful 
establishment and spread of alien invasive species (Lowe et al. 2015; Pfennig et al. 2016). 
Future studies should investigate the prevalence of IH between M. dolomieu and M. salmoides 
in other co-occurring systems and, more generally, gauge the extent of IH between introduced 
alien species to facilitate our understanding on the invasive potential these hybrids may 
possess.  




CAN ENVIRONMENTAL VARIATION INFLUENCE PHENOTYPIC CHANGES? 






Phenotypic plasticity, a mechanism thought to shield small introductory populations 
from strong selection by rapidly remodelling and adapting the phenotype to the new optimum, 
is thought to be pivotal to the successful establishment and spread of invasive species in the 
novel environment. Due to their restricted nature, invasive riverine fish species are ideal study 
organisms to examine contemporary adaptive evolution and how this may contribute to 
biological invasions. Here, I use the invasive smallmouth bass (Micropterus dolomieu) as 
model organism to test the hypothesis that environmental variation drives morphological 
changes in phenotype. I predict that (1) similar environments will have morphologically 
convergent M. dolomieu phenotypes and that (2) most of the phenotypic variation observed 
will be driven by the rivers’ flow regime. To test these predictions, specimens were collected 
from ten localities within the Olifants River system, Western Cape, South Africa, 
encompassing the Jan Dissels and Ratel tributaries and the mainstem. Analysis of linear and 
geometric morphometrics, as well as environmental variables, showed that fish inhabiting 
high-flow environments are more streamlined than those inhabiting slow-flowing 
environments.. Similarly, gape size was shown to vary among localities, with fish displaying a 
relatively smaller gape size being present in high-flow environments. This observed trend 
appears to be related to the prey composition associated with each environment. Thus, my 
results support the notion that similar environments will have convergent phenotypes and 
highlight the importance phenotypic plasticity may play in facilitating the successful 
colonisation, establishment and spread of invasive species. 
 
  





Organisms often face an array of selective agents and, consequently, the observed 
phenotype represents a fusion of morphological traits best suited to the environment while 
facing constrains such as gene flow and genetic drift (Slatkin 1987; Robinson & Wilson 1994; 
Langerhans et al. 2007). This is particularly prevalent in fishes, as variation in body form can 
be attributed to various functions such as feeding, swimming and predator avoidance 
(Wainwright et al. 2005; Langerhans 2009; Reid & Peichel 2010). For example, fish in high-
flow environments have a more streamlined (fusiform) body shape and a higher ‘steady 
swimming’ performance than those from low-flow environments (Langerhans 2008). Steady 
swimming or cruising is employed to maintain a constant locomotion speed while swimming 
in a straight line, and to conduct routine tasks, such as patrolling, searching for food, migration 
and seeking favourable abiotic environments (Langerhans 2008). In contrast, fish in low-flow 
environments have deeper posterior bodies and caudal fin aspect ratios (capable of producing 
more thrust during rapid manoeuvres), lower steady swimming performance, but higher 
‘unsteady swimming’ performance, essential for increased manoeuvrability and velocity or 
directional changes (Langerhans 2008). These results were corroborated by Langerhans (2009) 
who examined the effect of predation on steady- and unsteady swimming performance in 
mosquitofish (Gambusia affinis). Populations inhabiting areas of low predation risk revealed 
an increase in steady swimming performance when compared to areas of increased predation. 
However, the author noted that many fish morphological traits, such as fin size and shape, body 
form and muscle type may influence the observed locomotor performance. Likewise, a similar 
conclusion was drawn by Burns et al. (2009) studying guppies (Poecilia reticulata), stating 
that the patterns observed are more likely due to an interplay of factors and environmental 
influences.  
 
Phenotypic plasticity, an organism’s ability to change its phenotype in response to 
diverse environmental conditions (Pigliucci et al. 1996) while maintaining a single genotype 
(Pfenning et al. 2010), can either impede directional evolution by hindering selection (West-
Eberhard 2003) or alternatively, accelerate adaptation in a novel environment (Robinson & 
Dukas 1999; Agrawal 2001; West-Eberhard 2003; Ghalambor et al. 2007; Cerwenka et al. 
2014). Phenotypic plasticity has long been thought pivotal to the successful establishment and 
spread of species in new environments, particularly by invasive species (Losos et al. 2000; 
Richards et al. 2006; Collyer et al. 2007; Westley 2011). Considering that only a few 
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individuals are initially introduced into the novel environment, phenotypic plasticity is thought 
to be a mechanism potentially shielding these small introductory populations from strong 
selection (Agrawal 2001; West-Eberhard 2003; Collyer et al. 2007), by rapidly remodelling 
and adapting the phenotype to the new optimum (Lee 2002; Ghalambor et al. 2007; Firmat et 
al. 2012; Cerwenka et al. 2014; Lucek et al. 2014). For example, in the threespine stickleback 
(Gasterosteus aculeatus) in its invaded range, traits associated with locomotion are regulated 
through demographic processes, ultimately enabling the species’ range expansion and invasion 
success (Lucek et al. 2014). Similarly, brown trout (Salmo trutta) in Canada were observed to 
alter their body shape in response to stream flow, with similar environmental habitats hosting 
phenotypically similar S. trutta (Westley et al. 2012). Likewise, in Gambusia affinis, 
phenotypic changes in the caudal regions and traits associated with burst-swimming abilities 
changed rapidly in response to fluctuating water velocities in the invaded range (Langerhans 
2009). Thus, invasive riverine fish species are ideal study organisms to examine contemporary 
adaptive evolution and how this may contribute to biological invasions, because unlike other 
invasive flora and fauna, freshwater fish are restricted to the aquatic system in which they find 
themselves (Cerwenka et al. 2014; Peoples et al. 2017). 
 
An example of such a species is the smallmouth bass (Micropterus dolomieu). Native 
to the east-central parts of the United States of America and two Canadian provinces, M. 
dolomieu is currently recognised as an invasive species in at least 12 countries worldwide, 
including South Africa (Loppnow et al. 2013). Initially introduced into South Africa in 1937 
for angling purposes (de Moor & Bruton 1988), M. dolomieu has established in several rivers 
and man-made water bodies across the country (van Rensburg et al. 2011), and is particularly 
prevalent in the Olifants River system, Western Cape (van der Walt et al. 2016). Using M. 
dolomieu as a model organism, I hypothesise that environmental variation drives 
morphological changes in phenotype and, in turn, could promote the invasive success of alien 
species. I predict that (1) similar environments will have morphologically convergent M. 
dolomieu phenotypes and that (2) most of the phenotypic variation observed will be driven by 
the flow regime (Langerhans et al. 2003). Understanding the drivers of phenotypic trait 
variation will assist us in grasping how environmental variation may influence community 
structure (Jackson et al. 2016), while comprehending the factors promoting the invasion 
success of an organism would be essential to prevent future invasions in pristine environments 
(García-Berthou 2007; Hui & Richardson 2017). 
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MATERIALS AND METHODS 
 
The study system 
The Olifants River is one of the largest river systems within the Western Cape Province 
of South Africa, with an approximate length of 285 km and a catchment area of 46,220 km2. 
Two catchment dams, namely Bulshoek and Clanwilliam Dam, constructed in 1919 and 1935 
respectively, are situated within the Olifants River (Figure 4.1). Initially introduced into the 
upper reaches of the Olifants River system in 1943 and 1945 for recreational purposes, M. 
dolomieu has successfully invaded and established itself throughout the Olifants River system 
and its tributaries, including the two catchment dams (Harrison 1963; Van der Walt et al. 2016). 
 
Sampling regime and field procedures  
Approximately 20 M. dolomieu specimens were collected from ten localities (total 
sample size, n = 203) in the austral summer (January – March) of 2015. Sampling occurred at 
approximately 10 km intervals, encompassing the Jan Dissels tributary, main stem of the 
Olifants River (including the Clanwilliam Dam), and the Ratel tributary (Figure 4.1). All 
specimens were collected by angling (CapeNature permit number: 0056-AAA043-00004) 
using standardised lure sizes, before being euthanized with clove oil (Ethical clearance 
reference number SU-ACUM14-00011, Stellenbosch University). Lastly, GPS coordinates 
were recorded for each sampling locality. 
 
Morphometric and geometric morphometric data collection 
Both linear morphometric measurements and geometric morphometrics were employed 
to test the hypothesis that environmental disparity drives phenotypic variation in morphology. 
The rationale is that geometric morphometrics have been shown to be more effective when 
analyzing and interpreting body shape variation, while traditional morphometrics provide the 
statistical support for these changes (Parsons et al. 2003).  
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Figure 4.1. The ten sampling localities (A – J) within the Olifants River system of the Western 
Cape, South Africa. Localities A – C represent those sampled in the Jan Dissels tributary, while 
Locality D represents the Clanwilliam Dam. Localities E – I represent sampled localities 
situated within the mainstem of the Olifants River and Locality J represents the Ratel tributary. 
 
Firstly, a standardized photograph of the left lateral side of each fish was taken with a 
digital Sony DSC-HX100V camera. To ensure standardized images, the unpreserved 
specimens were placed on laminated graph paper and a tripod, set to a standard height, was 
used. To quantify and visualise the body shape change between localities, 12 unambiguous and 
homologous landmarks were digitized using tpsDig2 version 2.17 software (Rohlf 2013) 
(Figure 4.2). Twenty-five linear morphological characters, representing both swimming and 
feeding traits (Winemiller 1991; Oliveira et al. 2010; Yokogawa 2013) (Figure 4.2, Table 4.1), 
were measured using digital callipers (precision of 0.01 mm) (Absolute Coolant Proof Caliper 
Series 500 IP67, Mitutoyo Ltd., Japan), before being dissected to determine the sex of each 
specimen. In addition, an otolith from each fish was removed, cleaned, sectioned, and the 
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growth rings counted to determine the age of each specimen using the procedure described by 
Taylor & Weyl (2013). 
 
Environmental data 
Data characterising the river topology, soil classification and hydroclimate for the 
Olifants River system were obtained from a near-global data set consisting of freshwater 
environmental variables (in a standardized 1 km grid) derived by Domisch et al. (2015). Given 
the potentially large spatial and temporal variation, and consequently large measurement error, 
localised environmental variables (e.g. pH, dissolved oxygen, salinity etc.) were omitted. For 
each GPS coordinate (i.e. sampling locality), 16 variables were extracted using the R packages 
RASTER 2.5-8 (Hijmans 2016) and SP 1.2-4 (Pebesma 2016). Firstly, four variables related to 
river topography were calculated. These include (1) average elevation across sub-catchment – 
‘ELE’, (2) average river slope across sub-catchment – ‘RS’, (3) flow length (i.e. the number of 
upstream stream grid cells) – ‘FL’ and (4) flow accumulation (i.e. the total number of upstream 
grid cells) – ‘FA’. Second, four variables that classify the soil type were obtained, including 
(5) sand content mass fraction across sub-catchment – ‘SNDPPT’, (6) silt content mass fraction 
across sub-catchment – ‘SLTPPT’, (7) clay content mass fraction across sub-catchment – 
‘CLYPPT’ and (8) coarse fragments (>2 mm fraction) volumetric across sub-catchment – 
‘CFRVOL’. Lastly, we extracted eight bioclimatic variables, four characterising air 
temperature and four describing precipitation averaged across sub-catchment, which were 
derived from the WorldClim database (Hijmans et al. 2005). Bioclimatic variables comprise 
(9) annual mean temperature – ‘BIO1’, (10) maximum temperature of warmest month – 
‘BIO5’, (11) temperature annual range – ‘BIO7’, (12) mean temperature of warmest quarter – 
‘BIO10’, (13) annual precipitation – ‘BIO12’, (14) precipitation of wettest month – ‘BIO13’, 
(15) precipitation seasonality (i.e. coefficient of variation) – ‘BIO15’ and (16) precipitation of 
wettest quarter – ‘BIO16’ (Domisch et al. 2015). As Domisch et al. (2015) showed a strong 
correlation between the water- and air temperature, air temperature was used as a proxy for 
water temperature in the present study. 
 
Statistical analyses - Geometric morphometrics 
MorphoJ (Klingenberg 2011) was employed to analyse the geometric morphometric 
landmark coordinates used for studying body shape variation. Firstly, a Procrustes 
superimposition was performed on the ‘raw’ coordinates to remove orientation, size and 
position biases from the data (Klingenberg 2011). The resulting Procrustes coordinates were 
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regressed against centroid size (CS) to obtain size corrected residuals for each of the landmark 
coordinates. The resulting residuals were then used to construct a covariance matrix, before a 
principal component analysis (PCA) was performed to reduce the dimensionality of the data 
(hereafter referred to as ‘PCSHAPE’). Furthermore, a multivariate analysis of variance 
(MANOVA) with subsequent univariate F-tests was employed to compare the PCSHAPE axes 
between localities. Subsequent Bonferroni post-hoc tests were conducted to determine 
differences in body shape between the populations.  
 
 
Table 4.1. Linear morphometric measurements and their corresponding abbreviations 
(Abbrev). Abbreviations correspond to those used in Figure 4.2. 
Trait # Morphological Characters Abbrev. Trait # Morphological Characters Abbrev. 
1 Standard body length SBL 14 Dorsal fin height DFH 
2 Maximum body height MBH 15 Caudal fin length CFL 
3 Maximum body width MBW 16 Caudal fin height CFH 
4 Caudal peduncle length CPdL 17 Anal fin length AFL 
5 Caudal peduncle height CPdH 18 Anal fin height AFH 
6 Caudal peduncle width CPdW 19 Pectoral fin length PtFL 
7 Head length HL 20 Pectoral fin height PtFH 
8 Head height HH 21 Pelvic fin length PFL 
9 Head width HW 22 Pelvic fin height PFH 
10 Eye height EH 23 Length of snout with mouth 
closed 
LSC 
11 Mouth height MoH 24 Length of snout with mouth 
open 
LSO 
12 Mouth width MoW 25 Body midpoint height BMH 








Figure 4.2. The 12 geometric morphometric measurements (●) and the 25 linear morphometric measurements taken for each specimen. Linear 
morphometric measurement abbreviations correspond to those in Table 4.1. 
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Statistical analyses - Linear morphometrics 
A PCA was conducted on all the linear morphometric data, because standard body 
length (SBL) might not represent the actual size of the fish. Principal component 1 explained 
92.8 % of the total variation (Eigenvalue = 23.2) and was retained for subsequent analyses 
(hereafter referred to as ‘body size’). To correct for body size variation among populations, 
each linear morphometric variable was regressed against body size. The resulting residuals 
were retained for further analyses. Subsequently, a PCA was conducted on these residuals, 
retaining the most significant PC axes (hereafter referred to as ‘PCLINEAR’). The PCLINEAR axes 
were compared between the localities using a MANOVA with subsequent univariate F-tests, 
followed by Bonferroni post hoc tests.  
 
Environmental data analyses 
Due to the highly correlated nature of the environmental variables, a PCA was 
conducted to avoid potential problems associated with multicollinearity. The PCA reduced the 
dataset to a smaller number of independent PC scores (hereafter referred to as 
‘PCENVIRONMENT’), which were subsequently used in a linear regressionanalyses to test for the 
effects of environment on morphology. The PCLINEAR and PCSHAPE scores were used as 
dependent variables, whereas the PCENVIRONMENT scores were used as independent variables. 
All statistics were done using SPSS STATISTICS v. 20.0.0 (SPSS Inc., Chicago, IL, USA). 
 
Multi-scale pattern analysis 
Lastly, to investigate and visualize the spatial structure within the data, a multi-scale 
pattern analysis (MSPA) (Jombart et al. 2009), as implemented in the R package adegenet (R 
Development Core Team, 2011), was conducted. This approach uses Moran’s eigenvector 
maps (MEMs) (Dray et al. 2006) to disentangle the spatial patterns promoting ecological 
variability across a landscape. Named in descending order, MEM1 represents the broadest 
spatial scale while the last MEM describes the finest local spatial scale. The R2 determination 
coefficient was used to quantify the association strength between the MEMs and the 
independent morphological (residual linear morphometrics and shape PC scores) and 
environmental variables. A K–nearest neighbor algorithm, specifying K as 20 (20 specimens 
were collected per population), was selected for the connection network. In addition, a 
redundancy analysis was employed to combine environmental variables and spatial predictors 
in an attempt to explain morphological variation across a landscape. 
 





Size and age structure 
Significant variation in size (ANOVA; F9,191 = 38.37, P < 0.001) and age (ANOVA; F9,191 = 
14.03, P < 0.001) was observed among the localities. Specimens collected at Locality D were 
approximately twice the size of specimens belonging to the other localities (Bonferroni post 
hoc tests, all P < 0.001; Appendix 4.1a). Size variation among the other localities was rather 
limited (range 15.1 – 21.8 cm SBL; Appendix 4.1a). With regards to age, fish belonging to 
Locality A and D were significantly older (Bonferroni post hoc tests, all P  0.03; Appendix 
4.1b) than those of the other localities. No difference in age was observed among the other 
populations (Appendix 4.1b). 
 
Geometric morphometrics 
Four PCSHAPE axes (eigenvalues PCSHAPE 1 = 4.90; PCSHAPE 2 = 1.64, PCSHAPE 3 = 1.41, 
PCSHAPE 4 = 1.21), explaining 67 % of the variance, were retained for the geometric 
morphometric data analyses. Shape PC1 (PCSHAPE 1) represented fish that underwent a dorsal 
to ventral redistribution in body shape, while PCSHAPE 2 represented fish that had rounded 
bodies in addition to shortened caudal peduncles (Figure 4.3). Similarly, PCSHAPE 3 represented 
fish with wider bodies, while PCSHAPE 4 denoted slender fish with large heads and shortened 
caudal peduncles (Appendix 4.2). The MANOVA with subsequent univariate F-tests revealed 
significant differences in body shape among the populations (Table 4.2). Moreover, Bonferroni 
post hoc tests indicated that fish from locality A had higher bodies (PCSHAPE 1) than the other 
populations, with only marginal variation being observed with regards to locality B and D 
(Figure 4.3). For PCSHAPE 2, PCSHAPE 3 and PCSHAPE 4 the significance of the univariate F-tests 
was determined by locality J, locality F and locality I, respectively. 
 
Linear morphometrics  
The principal component analysis conducted on the 25 linear morphometric 
measurements retained nine independent PC axes (PCLINEAR 1-9) (Table 4.3). Principal 
component 1 (PCLINEAR 1) represented fish with higher bodies (MBH), higher and narrower 
caudal peduncles (CPdH, CPdW), an increased head height (HH), and decreased eye height 
(EH), anal fin height (AFH) and pelvic fin length (PFL). Hence, PCLINEAR 1 represents fish with 
‘deeper bodies’ (Figure 4.4). Principal component 2 (PCLINEAR 2) corresponded to ‘gape size,’ 
as the highest loading scores were related to mouth height and width (MoH, MoW) (Table 4.3). 
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The MANOVA revealed differences in all PC axes except PCLINEAR 9 (Table 4.2). In addition, 
the Bonferroni post hoc tests further revealed that locality A had less deep bodies when 
compared to the other localities (Bonferroni post hoc tests, all P < 0.05) (Figure 4.4). No 
morphological differences were found between the sexes (Table 4.2). However, variation in 























Figure 4.3. Graphs illustrating the mean and standard deviation for each locality with regards 
to PCSHAPE 1 (dorsal-ventral redistribution) and PCSHAPE 2 (rounded bodies, shortened caudal 
peduncle). The fish outline drawings depict the variation in fish body shape for each PC axis, 
with the light blue line representing the average shape for all fish, while the dark blue line 
represents the upper and lower body shape extremity (scale factor set to 0.08 and - 0.08, 
respectively). Different alphabetical letters above the bars indicate values with statistically 
significant differences (Bonferroni post hoc test; P < 0·05), while identical letters indicate no 
significant differences among means. 
 




The PCA reduced the 16 environmental traits to two independent PC axes which 
explained 94.8% of the total variation. The first PC axis, PCENVIRONMENT 1, was negatively 
correlated with elevation, slope, percentage of coarse fragments and temperature, but positively 
correlated with flow length, flow accumulation, precipitation and clay content (Table 4.4). 
Therefore, PCENVIRONMENT 1 epresents a gradient from fast-flowing streams at high altitude to 
wide, slow-flowing rivers at lower altitude. PCENVIRONMENT 2 was positively correlated with 
percentage of sand, as well as air temperature across the sub-catchment, but negatively 
correlated with elevation and silt content (Table 4.4). Linear regression analysis showed that 
environment (PCENVIRONMENT 1) had a significant effect on body depth (PCLINEAR 1; standardised 
β = 0.77; P = 0.009) and gape size (PCLINEAR 2; standardised β = -0.75; P = 0.013) (Figure 4.5) 
but not on the remaining size (PCLINEAR 3-9; standardised β = -0.28 - 0.35; all P ≥ 0.32) or shape 
measurements (PCSHAPE 1-4; standardised β = -0.26 - 0.46, all P ≥ 0.10). In contrast, 
PCENVIRONMENT 2 had no effect on size (PCLINEAR 1-9; standardised β = -0.28 - 0.54; P ≥ 0.11) 
and shape (PCSHAPE 1-4; standardised β = -0.45 - 0.07; P ≥ 0.19) measurements. 
 
 
Table 4.2. Multivariate analysis of variance (MANOVA) results for both linear morphometric 
(PCLINEAR 1- 9) and geometric morphometric measurements (PCSHAPE 1 – 4).  
* Significant after sequential Bonferroni correction 
 Locality Sex Age 
 F9,189 P-value F1,186 P-value F1,186 P-value 
PCLINEAR 1 23.54 <0.001* 0.34 0.56 30.21 <0.001* 
PCLINEAR 2 9.21 <0.001* 1.77 0.19 6.33 0.01 
PCLINEAR 3 8.43 <0.001* 0.44 0.51 1.25 0.27 
PCLINEAR 4 4.57 <0.001* 3.42 0.07 0.25 0.62 
PCLINEAR 5 3.28 0.001* 2.74 0.10 0.37 0.62 
PCLINEAR 6 7.68 <0.001* 0.14 0.71 0.09 0.77 
PCLINEAR 7 2.60 0.008* 4.37 0.04 2.10 0.15 
PCLINEAR 8 2.87 0.003* 0.72 0.40 2.32 0.13 
PCLINEAR 9 1.86 0.06 3.25 0.07 0.11 0.75 
 F9,188 P-value F1,188 P-value F1,188 P-value 
PCSHAPE 1 3.57 <0.001* 0.39 0.54 0.03 0.87 
PCSHAPE 2 10.09 <0.001* 0.29 0.59 2.34 0.13 
PCSHAPE 3 5.69 <0.001* 5.70 0.02 0.42 0.52 
PCSHAPE 4 6.79 <0.001* 0.16 0.67 1.36 0.25 




Figure 4.4. Graphs illustrating the mean and standard deviation for each locality with regards 
to PCLINEAR 1 (body depth) and PC LINEAR 2 (gape size). Different alphabetical letters above the 
bars indicate values with statistically significant differences (Bonferroni post hoc test; 
P < 0·05), while identical letters indicate no significant differences among means.  
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Table 4.3. Linear morphometric PC scores (PCLINEAR 1-9) for each of the 25 linear morphometric measurements. Values in bold represent loading 
scores greater than 0.50. 
 
 
PC1                
(body depth) 
PC2            
(gape size) 
PC3 PC4 PC5 PC6 PC7 PC8 PC9 
SBL 0.161 0.378 0.081 0.392 0.358 -0.350 0.266 0.027 0.063 
MBH 0.539 0.350 0.126 -0.261 0.283 -0.064 -0.042 -0.009 0.229 
MBW 0.474 0.244 -0.345 -0.179 0.202 -0.340 0.134 0.044 -0.168 
CPdL 0.116 0.232 -0.328 0.562 -0.319 0.028 -0.216 -0.317 0.032 
CPdH 0.593 0.073 0.413 -0.041 -0.002 -0.114 0.259 -0.047 0.087 
CPdW -0.543 0.294 -0.175 -0.226 -0.029 -0.464 -0.205 -0.086 -0.104 
HL -0.220 -0.052 0.458 0.465 0.412 -0.021 0.156 0.105 -0.130 
HH 0.519 0.354 0.125 0.140 0.238 0.257 -0.142 -0.146 0.138 
HW 0.328 -0.178 -0.305 -0.116 0.389 -0.051 -0.089 -0.055 -0.457 
EH -0.532 0.058 -0.266 0.183 -0.045 0.268 0.247 -0.005 -0.142 
MoH 0.424 -0.667 -0.084 0.192 -0.005 0.068 -0.079 0.119 0.112 
MoW 0.486 -0.637 -0.118 0.099 0.143 0.001 -0.209 -0.053 -0.087 
DFL 0.245 0.456 0.372 -0.022 -0.241 0.083 0.284 -0.016 -0.125 
DFH -0.330 -0.012 0.315 -0.346 -0.213 -0.076 0.007 0.013 -0.434 
CFL -0.211 0.139 -0.574 0.289 -0.175 0.074 0.317 0.120 0.215 
CFH 0.415 -0.293 0.101 -0.066 -0.345 0.149 0.307 0.280 -0.262 
AFL 0.176 0.313 0.123 -0.185 -0.428 -0.078 -0.209 0.452 0.179 
AFH -0.553 -0.211 0.259 -0.185 0.273 0.167 0.069 -0.053 0.200 
PtFL -0.486 0.141 -0.028 -0.055 0.190 0.447 0.090 0.212 0.024 
PtFH 0.298 0.022 0.001 -0.406 -0.164 0.319 -0.127 -0.346 0.216 
PFL -0.620 -0.118 0.111 -0.200 0.221 -0.180 -0.100 -0.183 0.172 
PFH -0.044 -0.509 0.237 -0.111 -0.054 -0.196 0.396 -0.173 0.289 
BMH 0.109 0.181 -0.229 -0.250 0.451 0.341 -0.098 0.425 0.051 
LSC -0.054 0.177 0.576 0.335 -0.018 0.270 -0.332 -0.138 -0.229 
LSO 0.161 0.378 0.081 0.392 0.358 -0.350 0.266 0.027 0.063 
          
 Eigenvalues 3.801 2.332 2.038 1.703 1.587 1.352 1.175 1.107 1.027 
% of 
Variance 
15.203 9.329 8.150 6.811 6.347 5.406 4.700 4.430 4.110 
Cumulative 
% 
15.203 24.533 32.683 39.494 45.841 51.247 55.947 60.377 64.486 
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Table 4.4. Results of the PCA analysis conducted on the 16 environmental variables. Values in 
bold represent loading scores greater than 0.50. 
 
 
 PCENVIRONMENT 1 PCENVIRONMENT 2 
ELE -0.641 -0.750 
RS -0.990 -0.090 
FL 0.859 0.468 
FA 0.867 0.453 
SNDPPT -0.375 0.901 
SLTPPT -0.272 -0.812 
CLYPPT 0.802 -0.372 
CFRVOL -0.955 -0.268 
BIO1 -0.711 0.693 
BIO5 -0.757 0.648 
BIO7 -0.858 0.502 
BIO10 -0.691 0.710 
BIO12 0.964 0.255 
BIO13 0.961 0.267 
BIO15 0.955 -0.050 
BIO16 0.965 0.254 
   
Eigenvalues 10.64 4.53 
% of Variance 66.50 28.35 
Cumulative % 66.50 94.85 





Figure 4.5. Graphs illustrating the relationship between body depth (PCLINEAR 1, left) and gape size 




Multi-scale pattern analysis 
Three independent MSPAs were run, namely a morphometric MSPA, environmental 
MSPA and a spatial and environmental MSPA in the form of a redundancy analysis (Appendix 
4.2). For all three MSPAs two PC axes, explaining 51.28 %, 97.63 % and 58.89 % of the variation 
respectively, were retained. Environmental spatial structure was detected at broader spatial scales 
(MEM1-3), with MEM1 related to CLYPPT (R
2 = 0.42), MEM2 related to SNDPPT, BIO1, BIO5, 
BIO7, BIO10 (0.43 < R2 < 0.77), and MEM3 related to CFRVOL, SLTPPT, RS, ELE, FL, FA, 
BIO12, BIO13, BIO15, BIO16 (0.45 < R2 < 0.71) (Appendix 4.2). Spatial connectivity among 
samples, however, did not explain the morphological trait variation (Appendix 4.2). The MSPA 
redundancy analysis revealed no clear structuring when regressing the morphological traits against 
the environmental variables, however, most of the morphological variables appear to be associated 












Multiple biotic (e.g. species composition of the invaded environment) and abiotic (e.g. 
environmental features) factors have been proposed to affect an organisms’ invasive success 
(Barney & Whitlow 2008; Catford et al. 2009; Peoples et al. 2017). Here, I examined the influence 
environmental variables may have in shaping phenotypic variation amongst populations of an 
invasive species. My results revealed a significant relationship between body depth and flow 
regime, corroborating previous research (Langerhans 2009; Tytell et al. 2010; Lucek et al. 2014; 
Peoples et al. 2017). Though most previous studies measured flow in a simulated environment (i.e. 
lab experiments) (e.g. Langerhans 2009; Lucek et al. 2014), or collected field data (e.g. Jacquemin 
et al. 2013; Cerwenka et al. 2014), my study is the first to date, to use a global database with 
standardised measures of aquatic environmental variables (Domisch et al. 2015) to detect 
environmental variation. The use of standardised variables is essential when wanting to make 
comparisons and draw inferences between studies regarding phenotypic variation associated with 
invasive species in response to environmental fluctuations, as stated by Westley (2011). 
 
Both geometric morphometrics and linear morphology supported the notion that Locality 
A, situated in the upper reaches of the Jan Dissels tributary, is significantly different from all other 
populations, however the two methods did not converge to the same morphology (geometric 
morphometrics: dorsal-ventral redistribution in body shape vs. linear morphology: fusiform body) 
(Figure 4.3, 4.4). This can likely be ascribed to the large within-population variation observed for 
the geometric morphometrics (Figure 4.3, 4.4). Similarly, no significant correlation was detected 
between any of the environmental variables and body shape (PCSHAPE 1-4). The observed pattern 
can be explained by the fact that a fish’ body shape might be related to condition rather than 
skeletal changes, highlighting the need for a substantially larger dataset (to compensate for the 
large SD) when wanting to infer body shape variation from geometric morphometric data.  
 
My results support the prediction that comparable environments will have similar 
phenotypes, particularly with reference to the linear morphometric measures (Figure 4.5), with 
both body depth (PCLINEAR 1) and gape size (PCLINEAR 2) being correlated to environmental 
conditions. Locality A - C are characterised by high-flow environments, evident from the steeper 
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slope and the higher percentage of pebbles and rocks (CFRVOL) (Johnson 2004). It is thus not 
surprising that M. dolomieu from Locality A (and subsequently Locality B and C) were 
significantly more streamlined when compared to the other populations (Table 4.3, Figure 4.4), 
supporting the hypothesis of Langerhans (2008) and corroborating my second prediction that 
streamlined fish will be present in high-flow environments, as this body shape promotes steady 
swimming in fast flowing waters.  
 
Similarly, substantial variation between localities, though not statistically significant, was 
observed in gape size (PCLINEAR 2) (Figure 4.4), with Localities A - C, characterised by a relatively 
smaller gape size, clustering together. Relative gape size was found to decrease with a decrease in 
clay content mass (CLYPPT) (Figure 4.5), and consequently an increase in coarse fragments. 
Likewise, an association between gape size and CLYPPT was observed with the MSPA 
redundancy analysis (Appendix 4.2). Invertebrates, especially crabs, are known to prefer coarse 
substrate habitats situated in high flow environments (Zimmerman & Covich 2003), as present in 
the Jan Dissels tributary (Localities A - C). A smaller gape and consequently stronger suction 
(Carroll et al. 2004; Wainwright et al. 2007; Day et al. 2015; Sejdic 2016), might be advantageous 
in this environment as a stronger suction is required to feed on benthic prey items, such as crabs 
(Day et al. 2015). In contrast, a relatively large gape is better suited for ram feeding and predating 
on fish in the water column (Carroll et al. 2004; Wainwright et al. 2007; Day et al. 2015; Sejdic 
2016). This may very well be the case in the mainstem of the Olifants River system, as numerous 
co-occurring fish species are present (Van der Walt et al. 2016). Moreover, the fact that M. 
dolomieu from Locality A - C have more fusiform bodies compared to the other localities further 
supports this notion, as steady swimming is needed to get close enough to benthic prey (Sass & 
Motta 2002; Higham 2011). In contrast, thrust and manoeuvrability, associated with relatively 
deep bodies (as seen within Localities D – J; Figure 4.4), provides M. dolomieu with a fast 
approach and attack, essential to capture prey in the water column (Sass & Motta 2002; 
Wainwright et al. 2007; Tran et al. 2010; Sejdic 2016).   
 
Although previous work on invasive species has found morphological divergence to be 
associated with genetic variation (Lucek et al. 2014; Fitzpatrick et al. 2015), phenotypic plasticity 
in response to differing environmental conditions still seems to be a key component driving 
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morphological variation (but see Chapter 5; Langerhans et al. 2005, Langerhans 2009; Lucek et 
al. 2014). This might also be the case for M. dolomieu in the Olifants River system, as substantial 
genetic variation (see Chapter 2, but note that the majority of samples were not collected from the 
same localities used for Chapter 4), and hybridisation between M. dolomieu and M. salmoides (see 
Chapter 3) is present within the Olifants River system. However, a common-garden experiment 
would be essential to disentangle these components. Hence, future work should tease apart the 
genetic relationships among these localities, in order to unravel the connection between genetic 
variation and phenotypic plasticity. This knowledge could, in turn, help us understand how 
phenotypic plasticity can facilitate the successful colonisation, establishment and spread of 
notorious invasive species. 
 
  




GENETIC CORRELATES OF MORPHOLOGICAL VARIATION IN A CLOSED RIVER 





Phenotypic variation has often been attributed to both phenotypic plasticity and local 
adaptation, with various studies suggesting that these mechanisms assist in the colonisation, 
establishment and spread of alien invasive species in a novel invaded range Although many studies 
have explored the phenotypic plasticity – local adaptation continuum, few attempts have been 
made to do so in a natural system. Instead, conclusions are drawn from common-garden or 
reciprocal transplant experiments, which often cannot account for gene flow. Invasive freshwater 
fish provide an ideal opportunity to examine the phenotypic plasticity - local adaptation continuum 
and address the role of gene flow in driving phenotypic variation as they often spread into a broad 
range of habitats and environments, are highly mobile, express an array of morphological 
adaptations to their environment and exhibit extensive morphological variation. Using the invasive 
smallmouth bass (Micropterus dolomieu) in the Olifants River system, Western Cape, South 
Africa as model system, I predicted that there will be high levels of gene flow among localities, 
and that there would be no link between genetic differentiation and phenotypic variation. Seven 
M. dolomieu populations were assessed for 25 linear morphological traits before being subjected 
to DNA amplification for nine microsatellite loci. Population structuring, though slight, was 
observed among sampled localities and corresponded to three distinct sections of the river (i.e., 
tributary, impoundment and mainstem). As predicted, high levels of gene flow among populations 
were observed, but this did not erase the strong association between genetics and morphology 
observed for gape size and suggests that both local adaptation and phenotypic plasticity may play 











Phenotypic plasticity, an organisms’ ability to express different phenotypes in response to 
environmental (biotic or abiotic) factors (Agrawal 2001; Davidson et al. 2011), is thought to 
contribute to a non-native species’ invasive success (Baker 1965; Lee 2002; Ghalambor et al. 2007; 
Davidson et al. 2011; Matesanz et al. 2012). Intuitively, this theory is plausible as: (a) the novel 
invaded range may not represent the same environment as that found in the organisms’ native 
range, and (b) invasive species are usually represented by a few colonising individuals and 
presumably a low genetic diversity (Davidson et al. 2011). Baker (1965) suggested that these 
phenotypically plastic individuals possess a ‘general-purpose genotype’, which allows them to 
successfully colonise, spread and become established in the novel environment, while 
simultaneously outcompeting native species when faced with fluctuating environmental conditions 
(Schlichting & Levin 1986; Parker et al. 2003; Davidson et al. 2011; Matesanz et al. 2012; Zenni 
et al. 2014). In contrast, if high genetic variation were to be present, selection toward the local 
optimum could occur rapidly, and phenotypic variation should arise via local adaptation rather 
than phenotypic plasticity (Parker et al. 2003). However, local adaptation, an individual or 
populations’ ability to genetically change in response to local environmental cues (Williams 1966), 
relies on multiple founding individuals in the new environment, high levels of outcrossing (and/ 
or hybridisation) and novel genotype formation through elevated levels of gene flow among 
populations to drive phenotypic variation (Parker et al. 2003; Garant et al. 2007; Geng et al. 2007; 
Matesanz et al. 2012), though these are seldom the conditions in which invasive species find 
themselves (Dlugosch & Parker 2008). 
Numerous invasion biology studies have attributed observable phenotypic variation to both 
phenotypic plasticity (e.g. Parker et al. 2003; Geng et al. 2007; Davidson et al. 2011; Matesanz et 
al. 2012) and local adaptation (e.g. Williams et al. 1995; Langerhans 2009; Dowle et al. 2015), 
while others, have highlighted the interplay between the two mechanisms (Lucek et al 2014; 
Fitzpatrick et al. 2015). A temporal pathway thus appears to exist, with phenotypic plasticity 
promoting colonisation and persistence in marginal environments (Crispo 2008), ultimately 
leading to genetic differentiation and hence, local adaptation in the novel invaded range 
(Ghalambor et al. 2007; Crispo 2008; Dowle et al. 2015; Fitzpatrick et al. 2012). Although many 
studies have tried to unravel the phenotypic plasticity versus local adaptation continuum, few have 
Stellenbosch University  https://scholar.sun.ac.za
87 
 
tried to do so in natural systems, with most drawing conclusions from common-garden or 
reciprocal transplant experiments (e.g. Parker et al. 2003; Matesanz et al. 2012; Lucek et al. 2014; 
Zenni et al. 2014). These studies, however, cannot account for gene flow when wanting to unravel 
the adaptive basis to genetic variation (Muir et al. 2014). On the one hand, if an invasive population 
finds itself in a homogeneous environment and gene flow is rife, phenotypic plasticity will not be 
beneficial and may be lost due to natural processes such as drift, promoting local adaptation 
(Crispo 2008). In contrast, high gene flow between heterogenous environments, particularly if 
multidirectional movement is permitted, may favour phenotypic plasticity and promote individuals 
to adopt a jack-of-all-trades strategy, ultimately allowing individuals to maximise fitness in 
‘typical’ environments and rapidly adapt to novel range (Crispo 2008). On the other hand, gene 
flow may increase a locally adapted populations’ fitness by reducing the probability of inbreeding 
while introducing (adaptive) genetic variation (Tallmon et al. 2004; Fitzpatrick et al. 2015). 
However, gene flow may also constrain local adaptation (Haldane 1948; Felsenstein 1976; Slatkin 
1985; Langerhans et al. 2003; Moore et al. 2007; Lucek et al. 2014), because genomic 
homogenisation might limit the among-population divergence to differing environments. As a 
result, populations could divert away from their adaptive optimum, ultimately reducing population 
fitness (Garcia-Ramos & Kirkpatrick 1997; Langerhans et al. 2003; Fitzpatrick et al. 2015). Hence, 
in situ examinations are required to account for neutral genetic processes such as gene flow, and 
how this may affect local adaptation and in turn, phenotypic variation (Moore et al. 2007; Muir et 
al. 2014).  
Invasive freshwater fish provide an ideal opportunity to test for local adaptation as they 
often spread into a broad range of habitats and environments that may or may not resemble their 
native range (Westley et al. 2013). Furthermore, most are highly mobile, express an array of 
morphological adaptations to their environment and exhibit extensive morphological or 
behavioural variation (e.g., Chapter 4; Holopainen et al. 1997; Agrawal 2001; Hollander 2008). 
An example thereof is smallmouth bass (Micropterus dolomieu) in South Africa. Initially 
introduced from the United States of America into South Africa in 1937 for angling purposes (de 
Moor & Bruton 1988), M. dolomieu have subsequently established and spread throughout several 
rivers and reservoirs across the country (van Rensburg et al. 2011; Ellender & Weyl 2014). One 
such river is the Olifants River system, situated within the Western Cape Province of South Africa 
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where M. dolomieu has successfully established and morphologically adapted to various 
environmental pressures (see Chapter 4).  
Invasive species provide ample opportunity to test some of these ideas as they often spread 
into a broad range of habitats and environments that may or may not resemble their native range 
(Thomson 2007). Furthermore, they are often good dispersers (Lodge 1993), express an array of 
morphological adaptations to their environment and exhibit extensive morphological or 
behavioural variation (e.g., Chapter 4; Holopainen et al. 1997; Agrawal 2001; Hollander 2008). 
An example hereof is the invasive smallmouth bass (Micropterus dolomieu) in South Africa, which 
after introduction from the United States of America in 1937 (de Moor & Bruton 1988) has 
established itself, and has spread rapidly throughout the country (van Rensburg et al. 2011; 
Ellender & Weyl 2014). Specifically in the Olifants River system, situated within the Western 
Cape Province of South Africa, M. dolomieu has successfully established and morphologically 
adapted itself in response to environmental conditions (see Chapter 4). Smallmouth bass are 
mobile fish known to disperse, on average, 12.1 km yr-1 (Sharma et al. 2009). Considering the 
aforementioned, and taking into account the heterogeneity of the Olifants River landscape (Chapter 
4), as well as the multidirectional movement along the river (within the constraints of a linear 
system), I hypothesise that high mobility, through its effects on genetic variance results in a loss 
of adaptive phenotypes. I predict that (1) there will be high levels of gene flow present among 
sampled localities, (2) there will be no link between genetic differentiation and phenotypic 
variation. Shedding light on the species’ genetic fingerprint will assist us in unravelling the 
interplay between phenotypic plasticity, local adaptation and gene flow, particularly in non-native 




MATERIALS AND METHODS 
 
Sampling and morphological analyses  
One hundred and thirty-nine M. dolomieu specimens, sampled from seven of the ten 
localities initially sampled for Chapter 4, were used for the current chapter. The sampled localities 
encompassed three localities from the Jan Dissels tributary (localities A – C), Clanwilliam Dam 
(locality D) two from the main stem of the Olifants River (localities H – I) and one from the Ratel 
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tributary (locality J, Figure 5.1), respectively. Morphological data were obtained from Chapter 4. 
In short, 25 linear morphological traits (Table 4.1; Figure 4.2) were measured and regressed against 
body size. The residual scores for the seven populations used in the current chapter were retained 
and subjected to a principal component analysis (PCA). The resultant nine PC axes corresponded 
to those obtained in Chapter 4. Hence, the first two biologically relevant principal components (i.e. 
PCLINEAR 1 - body depth and PC LINEAR 2 - gape size) (Figure 4.4), were used in Chapter 5 to test for 
a link between morphology and genetic variation. 
 
DNA extraction and amplification 
Total genomic DNA was extracted from M. dolomieu muscle tissue using the NucleoSpin 
Tissue extraction kit (MACHEREY-NAGEL, Separations, Cape Town, South Africa) following 
the manufacturers protocol. To confirm the morphological identification of the collected 
individuals, and ensure no hybrid individuals were present within the dataset (see Chapter 3), two 
partial mitochondrial (mtDNA) gene regions, namely cytochrome oxidase subunit I (COI) and 
cytochrome b (cytb) were sequenced. PCR reactions and cycling conditions followed those 
stipulated in Chapter 3. All successfully sequenced individuals were checked with NCBI BLAST 
(cytb and COI; http://blast.ncbi.nlm.nih.gov) and BOLD (COI only; http://www.boldsystems.org/) 
to ensure only M. dolomieu were being compared in the present study. 
 
To characterise the genetic variation, gene flow and genetic structure among the sampled 
populations, nine nuclear microsatellites markers (Mdo3, Mdo4, Mdo5, Mdo7, Mdo8, Mdo9, 
Mdo10, Mdo11, Lma21 - Colbourne et al. 1996; Malloy et al. 2000) were genotyped (Table 3.1). 
Three multiplex reactions were used to amplify the microsatellites and followed the protocol 
stipulated in Chapter 3. Microsatellites were genotyped on an automated sequencer (ABI 3730 XL 
DNA Analyzer, Applied Biosystems, CAF, Stellenbosch, South Africa) before being visually 
inspected, aligned and scored in Geneious® 10.0.2 (Biomatters, Auckland, New Zealand). 









Genetic diversity and population structure 
Genepop 4.2.1 (Rousset, 2008) was used to assess the genotype frequencies for deviations 
from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium, while amplification errors 
associated with stuttering and large allele drop-out was assessed in MICROCHECKER (Van 
Oosterhout et al. 2006). As most of the populations were found to not comply with the HWE 
assumptions, FreeNA (Chapuis & Estoup 2007) was used to check for the presence of null alleles 




















Figure 5.1. The sampling localities (A - D, H - J) within the Olifants River system of the Western 
Cape, South Africa. Localities A – C correspond to localities situated in the Jan Dissels tributary, 
Locality D represents the reservoir, while Localities H and I represent the mainstem of the Olifants 
River and Locality J represents the Ratel tributary. 
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Nuclear genomic variability within sampled populations was assessed by the allelic 
richness (AR), number of alleles (Na), observed heterozygosity (HO), expected heterozygosity 
(HE), and Wright’s inbreeding coefficient (FIS), calculated in FSTAT (Goudet 1995), Genepop 
(Rousset 2008) and ARLEQUIN (Excoffier & Lischer 2010). Genetic connectivity and population 
structure was investigated using a three-pronged approach. Firstly, Weir’s (1986) FST was used to 
assess the genetic differentiation between sampled localities using FreeNA (Chapuis & Estoup 
2007). A jackknife approach (Chapuis & Estoup 2007) implementing 1000 bootstraps, was used 
to assess the statistical significance. FST values range between 0 to 1, with low values signifying 
panmixia and higher values suggesting among-site differentiation. Genetic differentiation is 
considered high when values exceed 0.2, while undifferentiated populations have values near to 0 
(Excoffier et al. 2005). Secondly, a Bayesian clustering approach, implemented in STRUCTURE 
2.3.4 (Pritchard et al. 2000), was used to investigate the spatial population structuring along the 
river. Simulations were conducted using the admixture model, assuming correlated allele 
frequencies. Five runs, setting the number of groups (K) to range from one to eight were 
performed, with an initial burn-in of 50,000 followed by 250,000 MCMC iterations. The results 
were collated and the most probable K determined using the Evanno method (Evanno et al. 2005), 
as implemented Structure Harvester (Earl 2012). CLUMPP (Jakobsson & Rosenberg 2007) and 
Distruct (Rosenberg 2004) were used to generate and visualise the final results. Thirdly, to 
determine whether all specimens collected did, in fact, originate at the localities in which they 
were collected, and not from a neighbouring locality (i.e. a disperser), GENECLASS2 (Piry et al 
2004) was used. GENECLASS2, implementing a Bayesian algorithm (Rannala & Mountain 1997) 
was selected to estimate the number of dispersing individuals present in the current generation. A 
dispersing individual is defined here as an individual not born in the population from which it was 
sampled, and is ultimately assigned to the most probable source population, as defined by the 
confidence interval (Paetkau et al. 2004). The simulation algorithm by Paetkau et al. (2004) was 
selected, as this method has been shown to accurately detect dispersing individuals even when all 
potential source populations were not sampled (Cornuet et al. 1999; Paetkau et al. 2004). The Type 








To determine whether the phenotypic variation observed between the localities could be 
ascribed to genetic differences among localities (i.e. local adaptation), two analyses were 
conducted; the first being a discriminant analysis on principal components (DAPC) (Jombart et al. 
2010), as implemented in the R package adegenet (Jombart 2008). This approach classifies 
individuals into clusters based on a particular trait, such as neutral genetic loci or phenotypic traits, 
allowing one to visualise the degree of overlap among localities at these traits (Fitzpatrick et al. 
2015). Using both phenotypic dataset (i.e. the residuals) and microsatellite genotypes (all 9 
microsatellites), two independent DAPC analyses were conducted on the full distribution of 
phenotypes and genotypes to assess the level of exchangeability of individuals among localities 
based on phenotypic traits and genetic similarity (Fitzpatrick et al. 2015). This was done in two 
parts: firstly, a PCA was conducted on all the variables (full microsatellite dataset and the 
morphological residuals, respectively), retaining all principal components (PCs) in order to not 
lose any information (as suggested by Jombart et al. 2010). Since the DAPC requires prior 
groupings within the dataset to be identified, the Bayesian Information Criterion (BIC) is used to 
identify the optimum number of clusters (k). Thus, the ‘best’ BIC value is used to determine the 
optimal k (Jombart et al. 2010). Secondly, a Discriminant Analysis is performed on the retained 
PCs, rendering scatterplots that clump all specimens into their most probable k.  
 
Finally, to test for an association between genetic differences (microsatellite distances) and 
morphological variation in body depth (PCLINEAR 1) and gape size (PC LINEAR 2), a generalized linear 
model (GLM) with gaussian error distribution and identity link function was conducted using the 
package lme4 (Bates et al. 2015), implemented in R. In addition to the genetic dataset (based on 
the pairwise FST values), geographical distance between sampled localities and environmental 
variables (PCENVIRONMENT 1 and PCENVIRONMENT 2; see Chapter 4) were included in the model as 
explanatory variables. Firstly, to examine the multicollinearity in the dataset, the inflation factor 
(VIF) was calculated using the package “car” (Fox et al. 2016). Following Quinn & Keough (2002) 
VIF values < 10 were indicative or high collinearity. Next, multiple regression was employed to 
examine the influence of genetics, geographical distance and environment on morphology (i.e. 
PCLINEAR 1 and PCLINEAR 2). Backward stepwise multiple regression was used to determine the most 
important contributors to morphology. PCLINEAR 1 and PCLINEAR 2 were the dependent variables, 
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whereas microsatellite distances, geographical distance, PCENVIRONMENT 1 and PCENVIRONMENT 2 
were the independent variables. Lastly, to identify the relative importance of each independent 
variable (i.e. microsatellite distances, geographical distance, PCENVIRONMENT 1, PCENVIRONMENT 2), 
a hierarchical partitioning analysis was computed with the package hier.part (Walsh & Mac 
Nally 2013) to further examine the explanatory variables (Quinn & Keough 2002). This analysis 
calculates the percentage of variance explained by each variable both jointly and independently 






Genetic diversity and population structure 
A total of 139 specimens, collected from seven localities, were successfully sequenced (for 
cytb and COI) and genotyped at nine microsatellite loci. NCBI BLAST and BOLD results revealed 
no hybrid or introgressed individuals; hence all 139 specimens were used in subsequent analyses. 
With reference to the microsatellites, neither evidence of amplification errors like stuttering, large 
allele drop-out or null alleles were detected, nor was linkage disequilibrium observed. The majority 
of loci and populations did, however, not conform to Hardy-Weinberg expectations, most likely 
due to the significant heterozygote deficit associated with the high levels of inbreeding (FIS) (Table 
5.1). Observed heterozygosity (HO) ranged from 0.150 (Locality D) to 0.950 (Locality H) across 
all loci, while the expected heterozygosity (HE) ranged from 0.152 (Locality A) to 0.756 (Locality 
D). Marginally higher allelic richness values, based on a minimum of 15 specimens, was observed 
for the two mainstem localities (Locality H & I) and the Ratel tributary (Locality J) (Table 5.1). 
Pairwise FST values, making use of the ENA correction, revealed high levels of differentiation (> 
0.2) between Locality J and all other localities, though none of these were significant (P > 0.05) 
(Table 5.2). The Bayesian clustering method implemented in STRUCTURE identified five genetic 
clusters (K = 5, LnP(D) = -2212.0; Figure 5.2), corresponding roughly to the areas sampled within 
the river [i.e. Jan Dissels tributary (Locality A-C), Clanwilliam Dam (Locality D), mainstem of 
the Olifants River (Locality H & I) and the Ratel tributary (Locality J)]. Corroborating the FST 
results, high levels of population differentiation was detected for Locality A and J, while high 
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levels of admixture were revealed for the remaining populations (Localities B-D, H, I) (Figure 
5.2). Furthermore, GENECLASS2 revealed that only 75 out of 139 sampled individuals (54 % of 
all individuals) were correctly assigned. Thus, 46 % of M. dolomieu samples were found to be 
putative ‘dispersers’, belonging to a different locality than the one from which they were initially 





Figure 5.2. STRUCTURE plot representing all seven localities. Each line in the plot corresponds 
to an individual within that sampled locality. Colours represent the proportion of an individual’s 
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Table 5.1. Genetic diversity measures (n = number of genotyped individuals; Na = number of 
alleles; AR = allelic richness for a minimum of 15 individuals; HE = expected heterozygosity, HO 
= observed heterozygosity; FIS = inbreeding coefficient) for nine microsatellite loci amplified for 





   A B C D H I J 
Mdo3 
n 19 20 20 20 20 22 18 
Na 4 2 3 3 3 3 2 
AR 3.659 2.000 2.978 2.700 2.700 2.999 2.000 
HE 0.289 0.508 0.581 0.422 0.396 0.537 0.413 
HO 0.21 0.50 0.35 0.45 0.50 0.36 0.22 
FIS 0.276 0.016 0.404 -0.069 -0.271 0.328 0.469 
Mdo4 
n 15 20 19 17 18 21 14 
Na 3 2 3 4 2 3 4 
AR 2.998 2.000 2.997 3.620 2.000 2.999 4.000 
HE 0.301 0.467 0.553 0.223 0.5 0.598 0.468 
HO 0.20 0.60 0.58 0.24 0.61 0.43 0.36 
FIS 0.344 -0.295 -0.048 -0.058 -0.23 0.289 0.244 
Mdo5 
n 18 19 20 20 20 21 17 
Na 3 2 3 3 3 5 4 
AR 2.733 2.000 2.995 3.000 3.000 4.561 3.824 
HE 0.160 0.478 0.496 0.619 0.673 0.713 0.570 
HO 0.056 0.421 0.350 0.600 0.700 0.571 0.588 
FIS 0.660 0.122 0.300 0.032 -0.041 0.203 -0.032 
Mdo7 
n 19 20 20 20 20 21 18 
Na 5 3 4 4 4 4 4 
AR 4.673 2.999 3.978 4.000 3.978 3.991 3.778 
HE 0.723 0.614 0.671 0.756 0.695 0.731 0.621 
HO 0.632 0.550 0.750 0.750 0.800 0.667 0.389 
FIS 0.134 0.107 -0.122 0.009 -0.156 0.089 0.380 
Mdo8 
n 19 20 20 20 20 22 18 
Na 2 3 4 4 5 6 3 
AR 2.000 2.700 3.400 3.694 4.377 5.729 2.954 
HE 0.512 0.483 0.458 0.453 0.456 0.722 0.298 
HO 0.53 0.40 0.50 0.40 0.45 0.64 0.22 
FIS -0.029 0.176 -0.095 0.119 0.014 0.121 0.261 
    Table 5.1 continued on next page 
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      Table 5.1 continued 
Mdo9 
n 19 20 20 20 20 22 18 
Na 2 4 5 4 4 7 13 
AR 2.000 3.700 4.655 3.100 3.915 6.018 11.789 
HE 0.273 0.676 0.592 0.146 0.686 0.677 0.917 
HO 0.211 0.800 0.600 0.150 0.550 0.772 0.944 
FIS 0.234 -0.190 -0.013 -0.027 0.202 -0.146 -0.030 
Mdo10 
n 19 20 20 20 20 22 18 
Na 3.000 2.000 2.000 3.000 2.000 2.000 4.000 
AR 2.673 2.000 2.000 2.700 1.999 2.000 3.725 
HE 0.152 0.385 0.328 0.535 0.224 0.474 0.303 
HO 0.105 0.400 0.300 0.650 0.150 0.545 0.333 
FIS 0.314 -0.041 0.088 -0.223 0.337 -0.156 -0.103 
Mdo11 
n 18 20 20 20 19 22 18 
Na 5 2 3 5 3 3 6 
AR 4.55 2.00 3.00 4.10 3.00 3.00 5.47 
HE 0.463 0.358 0.545 0.469 0.514 0.677 0.606 
HO 0.50 0.45 0.65 0.55 0.63 0.55 0.61 
FIS -0.081 -0.267 -0.199 -0.177 -0.238 0.197 -0.008 
Lma21 
n 18 19 20 20 20 21 17 
Na 4 4 3 4 7 6 5 
AR 4.00 3.72 3.00 3.70 6.23 5.30 4.64 
HE 0.705 0.603 0.504 0.483 0.7 0.612 0.41 
HO 0.833 0.579 0.450 0.550 0.950 0.476 0.294 
FIS -0.189 0.041 0.109 -0.142 -0.370 0.226 0.289 
 
 
Table 5.2. Pairwise FST values for each locality (A – D, H – J) based on the nine microsatellite 
loci. Statistical significance after 1000 bootstraps is indicated in bold (P < 0.05).  
 A B C D H I J 
A   -       
B 0.124   -      
C 0.112 0.056   -     
D 0.229 0.190 0.096   -    
H 0.180 0.133 0.087 0.101    -   
I 0.146 0.106 0.045 0.079 0.030   -  
J 0.403 0.367 0.303 0.388 0.281 0.207   - 
 




The DAPC analyses identified seven genetic- and five morphological clusters respectively 
(Figure 5.4), with very little correspondence between the two. The misclassification of individuals 
into clusters was considerable for the genetic DAPC, with Locality J being the only locality to be 
represented by a cluster (Figure 5.4A). Contrastingly, individual misclassification to clusters was 
less pronounced for the morphological DAPC and resembled the genetic clusters obtained by the 
STRUCTURE analysis (Figure 5.2). However, the differentiation of Locality J was not as 
pronounced in the morphological DAPC when compared to the clusters retrieved by 
STRUCTURE (Figure 5.4B). Low VIF values were detected in the dataset (mean: 1.43, range: 
1.03 – 1.87), hence multicollinearity was not considered in subsequent analyses. The backward 
stepwise multiple regression revealed a model with PCENVIRONMENT 1 as sole contributor to 
variation in PCLINEAR 1 (body depth: R² = 0.11; AIC = 41.502). However, the univariate relationship 
between body depth and PCENVIRONMENT 1 was not significant (Table 5.3). In contrast, a model with 
both microsatellite distance and geographical distance was retained for PCLINEAR 2 (gape size: R² 
= 0.87; AIC = 2.602). Both variables were highly correlated with gape size (Table 5.3). 
Furthermore, the hierarchical partitioning revealed that both environmental variables 
(PCENVIRONMENT 1 and PCENVIRONMENT 2) had the highest independent contribution with regards to 
body size, while microsatellite distances and geographical distance had the highest independent 
contribution with reference to gape size (Figure 5.5). 
 






















Figure 5.3. A stacked column chart representing the percentage (%) of individuals collected from 







Figure 5.4. Discriminant analysis of principal components (DAPC) plots for (A) neutral genetic 
loci and (B) phenotypic traits. The graph represents individuals as symbols, with symbols and 
ellipses representing the clusters derived by the DAPC. Colours denote the sampled localities and 
correspond to the legend on the right. Eigenvalues for each analysis are displayed as insets. 
B A 
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Table 5.3. Results of the generalized linear model with gaussian error distribution and identity link 
function. Morphology (body depth and gape size) was used as response variables and 
microsatellite distances, geographical distance between sampled localities and environment 
(PCENVIRONMENT 1 and PCENVIRONMENT 2) as explanatory variables. Statistically significant P-values 
are indicated in bold (P < 0.05). 
 Estimate SE t  P 
 Body Depth (PCLINEAR 1) 
PCENVIRONMENT 1 0.236 0.153 1.542 0.139 
 Gape Size (PCLINEAR 2) 
Microsatellite distances 2.693 0.494 5.454 < 0.000 





Figure 5.5. Hierarchical distribution of explanatory variables: microsatellite distances, 
geographical distance and environment (PCENVIRONMENT 1 and PCENVIRONMENT 2) and their 














Rapid evolutionary change is a common phenomenon among invasive species (Brown & 
Marshall 1981; Thompson 1998; Mooney & Cleland 2001; Sakai et al. 2001; Lee 2002; Bossdorf 
et al. 2005), with many studies highlighting the role of phenotypic plasticity in facilitating the 
colonisation process (e.g. Yeh & Price 2004; Wund et al. 2008; Whiteley et al. 2009). Once an 
invasive species has colonised the novel environment, local adaptation may however take over, 
with gene flow introducing (adaptive) genetic variation to the newly established invasive 
population. In contrast, elevated levels of gene flow may also constrain local adaptation through 
genomic homogenisation (Haldane 1948; Felsenstein 1976; Slatkin 1985; Langerhans et al. 2003; 
Moore et al. 2007; Lucek et al. 2014). Hence, understanding the interplay among phenotypic 
plasticity, local adaptation and gene flow in invasive species is essential when wanting to unravel 
the species in questions’ invasive success (Holopainen et al. 1997; Agrawal 2001; Moore et al. 
2007; Hollander 2008; Fitzpatrick et al. 2015).  
 
Using M. dolomieu as model organism to understand the phenotypic plasticity – local 
adaptation continuum, I predicted that (1) high levels of gene flow will be observed among 
sampled localities and that this would, in turn, (2) erase any genotype-phenotype association. My 
results corroborated the first prediction, as the STRUCTURE analysis revealed some structuring 
within the populations and retrieved four distinct clusters, each corresponding to the different 
sections of the river (i.e. Jan Dissels tributary, Clanwilliam Dam, the Olifants River mainstem and 
the Ratel tributary). Substantial mixing was, however, observed in Localities C, H and I (Figure 
5.2). This can be attributed to the fact that individuals from the impoundment, mainstem and Ratel 
tributary (localities D - J) may disperse up and down the Olifants River mainstem, and into the Jan 
Dissels tributary when the dam overflows in winter, but as there is no fishway over the 43 m high 
Clanwilliam Dam wall, dispersal is unidirectional (i.e no fish from the Jan Dissels tributary can 
return to the impoundment). Similarly, the GENECLASS2 analysis revealed that 79% of Locality 
A individuals (15 out of 19) did, in fact, originate from Locality A, and were not migrants, while 
83% of Locality J individuals (15 out of 18) originated from Locality J (Figure 5.3). However, as 
only 54% of all individuals across localities were correctly assigned to their sampled populations, 
it can be concluded that substantial gene flow does occur within the Olifants River system, 
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particularly within the mainstem, with the low levels of differentiation (i.e. FST values), too, 
corroborating this finding.  
 
With reference to the genotype-phenotype association, two independent DAPC analyses 
were conducted. The first, a genetic DAPC, yielded seven genetic clusters, with Locality J being 
the only locality to represent a distinct genetic cluster (Figure 5.4A). In contrast, the second 
(morphological) DAPC rendered only five clusters, none of which corresponded to the genetic 
clusters, with Locality A being the only locality to represent a morphological cluster (Figure 5.4B). 
All other localities, for both the genetic- and morphological DAPC, were represented by multiple 
clusters (Figure 5.4). However, neither the genetic DAPC clusters, nor the morphological DAPC 
clusters corresponded to those obtained by STRUCTURE or the morphometric PCA analyses 
(conducted in Chapter 4), respectively. This may be due to the DAPC reducing the individual 
variation (genetic or morphological) to inter-individual or inter-population distances, thereby 
overlooking the within-group variation and substantially decreasing the amount of information 
present in the data (Jombart et al. 2010; Dufresne et al. 2014). Thus, STRUCTURE may be more 
powerful in detecting recently diverged population clusters as it uses the full suite of genotypic 
information. Furthermore, the GLM and subsequent hierarchical partitioning, revealed a 
significant association between genetic variation, geographical distance and gape size (Table 5.3, 
Figure 5.5). Although this correlation was not supported by any other analysis, this result is in 
accordance with previous research and hints at a genetic basis to gape morphology (Hori, 1993; 
Adams & Huntingford 2002; Alexander & Adams 2004; May-McNally et al. 2014). For example, 
Adams & Huntingford (2002) examined Arctic charr (Salvelinus alpinus) and observed heritable 
differences in gape morphology that were linked to dietary preference, while Lucek et al. (2014) 
attributed head shape and trophic morphology of threespine stickleback (Gasterosteus aculeatus) 
to genetic differentiation. Hence, these differences often involve not only the morphological traits 
associated with the detection of prey, but also encompass traits associated with capturing and/ or 
handling prey items, collectively referred to as trophic polymorphism (Skulason & Smith 1995). 
Intuitively this may be expected within my study system, as substantial variation between localities 
was observed in gape size, with Localities A – C displaying a relatively smaller gape than the rest 
of the localities (Chapter 4; Figures 4.4, 4.5). However, this may just be due to the contrast in the 
genetic and morphological variation between the Ratel tributary (Locality J) and the localities 
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within the Jan Dissels tributary (Localities A - C) and the impoundment (Locality D). The lack of 
association between body depth and genetic variation (Table 5.3, Figure 5.5), could be attributed 
to the fact that body depth is not skeletally constrained, but may rather be reliant on body condition 
and thus, feeding opportunities. Moreover, the influence of environmental factors on body depth 
(see Chapter 4) cannot be excluded. 
 
To conclude, while some studies reveal phenotypic plasticity to be the key component 
driving morphological variation in invasive species (Geng et al. 2006), others attribute this 
variation to local adaptation (Ng et al. 2016). Yet, as highlighted by Lucek et al. (2014), both 
processes may have a part to play along the invasion timeline. Here, I demonstrate that invasive 
species can not only utilise phenotypic plasticity to colonise and persist in fluctuating 
environmental conditions and high levels of gene flow, but local adaptation may also be employed 
to facilitate in the establishment and spread of alien invasive species in a novel invaded range. An 
experimental approach (reciprocal transplant and/ or common-garden experiment) should be 
employed to further investigate the genotype-phenotype association observed in this study. 
 
  






Extensive research has been conducted on invasive species in the hopes of establishing 
guidelines to facilitate our understanding of the invasion pathway and the features (organismal or 
environmental) that may assist in a species’ invasion success (Kolar & Lodge 2001). However, 
despite the progress made over the past 50 years, predictions and generalisations regarding a 
species’ invasive success remain challenging and limited (García- Berthou 2007; Leprieur et al. 
2009). In this thesis, I examined the genetic and phenotypic variation within the smallmouth bass, 
Micropterus dolomieu, and the influence extrinsic factors may have on a species while adapting to 
the novel environment, in an attempt to add to these studies and to highlight potential pitfalls that 
often hinder our inferences.  
 
Numerous studies have compared the molecular signature of invasive species in their 
native and invasive ranges (Guinard et al. 2003; Kolbe et al. 2004; Rollins et al. 2009; Naccarato 
et al. 2015), in an attempt to unravel the demographic history of the invasive populations (Ficetola 
et al. 2008; Gillis et al. 2009; Neilson & Stepien 2011; Gray et al. 2014). However, most studies 
to date have been restricted to contemporary specimens, thereby relying heavily on the premise 
that the historic population structure within the native range has been maintained over time and no 
allele frequency shifts have occurred. By including historical native specimens, I contradicted this 
theory in Chapter 2 and revealed substantial variation in genetic diversity between historic and 
contemporary native specimens, even within overlapping localities. Furthermore, not only could I 
unravel the introduction history of the species by including the historic native specimens, I could 
also examine the extensive levels of genetic differentiation within and among invasive South 
African M. dolomieu populations. Hence, I argue that historic DNA should routinely be 
incorporated into comparative genetic studies as it allows one to monitor the temporal changes in 
genetic diversity across generations (Guinard et al. 2003; Sefc et al. 2007), while increasing the 
chance of detecting subtle changes frequently overlooked by studies focussing only on 
contemporary data (Lozier & Cameron 2009). As the majority of native-invasive comparative 
genetic studies do not currently consider historic DNA, one cannot exclude the possibility that the 
temporal genetic variation accumulated over time, as observed in Chapter 2, may be a key driver 
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of a species’ invasive success and should thus be included in subsequent genetic comparative 
studies. 
 
Although I tried to minimise the error in the obtained results as far as possible, numerous 
limitations may have influenced my results. Firstly, sampling was the most limiting factor during 
this study due to the difficulties associated with collecting a sufficient sample size for comparable 
purposes across loci, river systems and continents. Based on historic information regarding the 
native M. dolomieu distribution range, and the hatchery and museum source populations, extensive 
sampling was to be conducted within these river systems to have overlapping native contemporary 
and historic sampling localities for Chapter 2. However, as anglers were employed to collect M. 
dolomieu in the native range, large waterbodies capable of supporting angling boats and floats 
were often favoured over creeks, mountain streams and rivers, limiting the amount of 
contemporary and historic sampling locality overlap. Furthermore, logistical issues along with 
financial- and time constraints hindered sample collection both within the native USA and invasive 
SA range.  
The second limitation concerns the use of historical samples. As previously mentioned, 
historical DNA should be considered an invaluable tool to comparative molecular biology studies. 
However, these samples are not always readily available, as was the case for the historical invaded 
SA range. Due to the lack of samples dating back to the time of introduction, in addition to a 
paucity of South African museum specimens in general, the historic invaded range could not be 
included as it was first intended. In addition, despite having received historic native museum 
specimens from some musea, several (others) were hesitant to send (additional) material because 
of the formalin-fixed preservation method and their preconceived idea of amplification failure 
during DNA amplification. Hence, only 65 of the 210 specimens requested were obtained, and of 
these 53 were successfully amplified and scored.  
 
Introgressive hybridisation (IH), particularly between native and introduced species, has 
been investigated in an array of taxa. However, very few have examined IH between two invasive 
species in a novel invaded range, and how introgression may facilitate the invasive success of an 
alien species in the novel range. By using two notorious freshwater invaders, M. dolomieu and M. 
salmoides as model organisms, I detected unidirectional mitochondrial introgression in Chapter 3, 
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despite large uncorrected pairwise mtDNA distances being observed between the two species. 
Similarly, simulation and empirical analyses revealed admixed individuals, extending beyond the 
F1 generation, suggesting viable hybrid individuals. My findings thus suggest that IH may provide 
a species with sufficient genetic variation to adapt to the selective pressures at hand upon 
introduction and supports the idea that IH may play a pivotal role in the successful establishment 
and spread of alien invasive species.  
Chapter 3 was, however, not without its weaknesses as numerous problems were 
encountered during the collection of M. salmoides. Firstly, to test for introgressive hybridisation I 
had to collect M. salmoides and M. dolomieu from the same waterbodies. This proved to be quite 
challenging, because even though both species are abundant across the country and are often 
stocked together in the same artificial waterbody (i.e. reservoir), it is not common to find them co-
occurring within the same natural system (i.e. river). However, as the purpose of Chapter 3 was to 
test for the presence of introgressive hybridisation between the two invasive species rather than 
the abundance thereof, opportunistic sampling across the three natural systems known to support 
both species (Berg, Breede and Olifants Rivers) was conducted. Fish behaviour is closely linked 
to diel and seasonal patterns and as such, influenced by an array of environmental factors like 
water temperature, water level and drought (Reebs 2002). These factors are often associated with 
the surface area/ volume ratio, which in turn, influences biotic interactions (e.g. predation, 
competition) and the chemical composition of the water (Magoulick and Kobza 2003). As an 
extensive drought was experienced across the Western Cape of South Africa (encompassing most 
of sampled river systems including the Berg, Breede and Olifants Rivers) towards the end of 2016, 
this too may have affected the sampling success of Chapter 3.  
 
Organisms often face a suite of selective agents and, consequently, the observed phenotype 
represents a fusion of morphological traits best suited to the environment (Slatkin 1987; Robinson 
& Wilson 1994; Langerhans et al. 2007). Phenotypic plasticity, a mechanism thought to shield 
small introductory populations from strong selection by rapidly remodelling and adapting the 
phenotype to the new optimum, is thought to be pivotal to the successful establishment and spread 
of invasive species in the novel environment. Due to their restricted nature, invasive riverine fish 
species are ideal study organisms to examine contemporary adaptive evolution and how this may 
contribute to biological invasions. Using the smallmouth bass as model organism, I tested the 
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hypothesis stating that environmental variation drives morphological changes in phenotype in 
Chapter 4. My results revealed that morphology does indeed conform to environmental cues, with 
streamlined fish inhabit high-flow environments with percentage coarse fragments in the river bed 
being the best predictor of body depth. Similarly, gape size was shown to vary among localities, 
with fish displaying a relatively smaller gape size being present in environments with a decreased 
clay content mass and an increase in coarse fragments, corresponding to the prey composition 
associated with each substrate type. These results support the idea that similar environments will 
have convergent phenotypes and highlight the importance phenotypic plasticity may play in 
facilitating the successful colonisation, establishment and spread of invasive species. However, as 
large within-population morphological variation was observed, the study could have been 
improved by increasing the number of samples per locality. This, in turn, could have strengthened 
the geometric morphometric signal as well, potentially providing additional support for the 
hypothesis.  
 
Phenotypic variation is often attributed to both phenotypic plasticity and local adaptation, 
with various studies suggesting that these mechanisms assist in the colonisation, establishment and 
spread of alien invasive species in a novel invaded range. Although many studies have explored 
the phenotypic plasticity – local adaptation continuum, few attempts have been made to do so in a 
natural system. Local adaptation relies on multiple founding individuals in the new environment, 
high levels of outcrossing (and/ or hybridisation) and novel genotype formation through elevated 
levels of gene flow among populations to drive phenotypic variation (Parker et al. 2003; Garant et 
al. 2007; Geng et al. 2007; Matesanz et al. 2012), though these are seldom the conditions in which 
invasive species find themselves (Dlugosch & Parker 2008). By combining morphological and 
genetic measures, Chapter 5 revealed M. dolomieu populations (separated by a mere 10 km) to 
display slight population structuring that corresponded to the three distinct sections of the river 
(i.e., tributary, impoundment and mainstem). As predicted, high levels of gene flow among 
populations were observed, but this did not erase the strong association between genetics and 
morphology observed for gape size and suggests that both local adaptation and phenotypic 
plasticity may play a key role in the invasive success of M. dolomieu. 
While neutral genetic loci (mitochondrial DNA and microsatellite markers) have 
successfully been used in other studies to assess population structuring, gene flow and local 
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adaptation, next generation sequencing (NGS) may have provided a clearer, more robust picture. 
Furthermore, NGS has been suggested to have the potential to unravel the genetic basis behind 
invasiveness as it rapidly generates large amounts of sequence data and examines loci under 
selection (Ekblom and Galindo 2011). Although NGS was initially proposed for Chapter 5, the 
large within-population variation observed in the morphology of these populations (Chapter 4), 
led us to conclude that pooling of individuals or populations (as is often the practice with NGS) 
would erase any potential signal we hoped to observe between localities. Moreover, amplifying 
every individual for all populations was unfortunately not financially feasible. However, future 
research should consider employing a Genotype-by-Sequencing (GBS) approach to uncover 
potential loci under selection, as it is financially feasible and may significantly contribute to our 
understanding of mechanisms driving a species invasive success.  
 
In summary, though several mechanisms including propagule pressure, phenotypic 
plasticity and elevated levels of genetic diversity are generally accepted as essential in a species’ 
invasive success, few studies have examined these mechanisms in concert. The results of my thesis 
suggest that these mechanisms often facilitate or mask each other. Hence, a holistic approach 
should be taken when wanting to unravel an organisms’ invasive success. 
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Appendix 2.1. A detailed description of specimens obtained from various museums, including the specimen origin, collection date, specimen 
abbreviation corresponding to that used in Table 2.1 and the main text (Chapter 2), museum responsible for the specimen and its corresponding 
accession number. 






Supplied By Accession # Notes 
USA Maryland Monocacy River Potomac River 1941 PO_1 ANSP ANSP 95683 fry 
USA Maryland Monocacy River Potomac River 1941 PO_2 ANSP ANSP 95683 fry 
USA Maryland Monocacy River Potomac River 1941 PO_3 ANSP ANSP 95683 fry 
USA Maryland Plummer Is., Maryland. Potomac River 1930 PO_4 NMNH USNM 284083 
fin snip & bits of gillraker; my have been exposed to 
arsenic (As), mercury (Hg), lead (Pb) 
USA Virginia Shenandoah River Shenandoah River 1934 SH_1 NMNH USNM 102132 Muscle tissue 
USA Virginia Shenandoah River Shenandoah River 1935 SH_2 NMNH USNM 93780 Muscle tissue 
USA 
West 
Virginia Shenandoah River Shenandoah River 1936 SH_3 NMNH USNM 100694 Muscle tissue 
USA Virginia Shenandoah River Shenandoah River 1933 SH_4 NMNH USNM 104928 Muscle tissue 
USA Ohio Mosquito Creek Mosquito Creek 1938 MO_1 OSUM OSUM 3568 Muscle tissue 
USA Ohio Mosquito Creek Mosquito Creek 1938 MO_2 OSUM OSUM 3568 Muscle tissue 
USA Ohio Auglaize River Auglaize River 1940 AU_1 OSUM OSUM 3814 Muscle tissue 
USA Ohio Auglaize River Auglaize River 1940 AU_2 OSUM OSUM 3814 Muscle tissue 
USA Ohio Auglaize River Auglaize River 1940 AU_3 OSUM OSUM 3942 Muscle tissue 
USA Ohio Pusheta Creek Auglaize River 1941 AU_4 OSUM OSUM 4343 Muscle tissue 
USA Ohio Pusheta Creek Auglaize River 1941 AU_5 OSUM OSUM 4343 Muscle tissue 
USA Ohio Lake Erie Lake Erie 1941 LE_1 OSUM OSUM 4272 Muscle tissue 
USA Ohio Lake Erie Lake Erie 1941 LE_2 OSUM OSUM 4272 Muscle tissue 
USA Ohio Lake Erie Lake Erie 1941 LE_3 OSUM OSUM 4272 Muscle tissue 
USA Ohio White Oak Creek Ohio River 1930 OH_1 OSUM OSUM 10834 Muscle tissue 
USA Ohio White Oak Creek Ohio River 1930 OH_2 OSUM OSUM 10834 Muscle tissue 
USA Ohio White Oak Creek Ohio River 1930 OH_3 OSUM OSUM 10834 Muscle tissue 
USA Michigan 
Grosse Isle shore, 
Detroit river Detroit River 1935 DE_1 UMMZ UMMZ 243459 Muscle tissue 
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Grosse Isle shore, 
Detroit river Detroit River 1935 DE_2 UMMZ UMMZ 243459 Muscle tissue 
USA Michigan 
Grosse Isle shore, 
Detroit river Detroit River 1935 DE_3 UMMZ UMMZ 243459 Muscle tissue 
USA Michigan 
Grosse Isle shore, 
Detroit river Detroit River 1935 DE_4 UMMZ UMMZ 243459 Muscle tissue 
USA Michigan Detroit River Detroit River 1935 DE_5 UMMZ UMMZ 243226 Muscle tissue 
USA Michigan Detroit River Detroit River 1935 DE_6 UMMZ UMMZ 243226 Muscle tissue 
USA Michigan Detroit River Detroit River 1935 DE_7 UMMZ UMMZ 243077 Muscle tissue 
USA Michigan Detroit River Detroit River 1935 DE_8 UMMZ UMMZ 243077 Muscle tissue 
USA Michigan Detroit River Detroit River 1935 DE_9 UMMZ UMMZ 243077 Muscle tissue 
Canada Ontario Detroit River Detroit River 1940 DE_10 UMMZ UMMZ 130878 Muscle tissue 
Canada Ontario Detroit River Detroit River 1940 DE_11 UMMZ UMMZ 130878 Muscle tissue 
USA Michigan Detroit River Detroit River 1934 DE_12 UMMZ UMMZ 243009 Muscle tissue 
USA Michigan Detroit River Detroit River 1934 DE_13 UMMZ UMMZ 243009 Muscle tissue 
USA Michigan Detroit River Detroit River 1934 DE_14 UMMZ UMMZ 243009 Muscle tissue 
USA Michigan Detroit River Detroit River 1934 DE_15 UMMZ UMMZ 243009 Muscle tissue 
USA Ontario Detroit River Detroit River 1940 DE_16 UMMZ UMMZ 130896 Muscle tissue 
USA Ontario Detroit River Detroit River 1940 DE_17 UMMZ UMMZ 130896 Muscle tissue 
USA Ontario Detroit River Detroit River 1940 DE_18 UMMZ UMMZ 130896 Muscle tissue 
USA 
New 
York Otselic River Susquehanna River 1935 SU_1 UMMZ UMMZ 109652 Muscle tissue 
USA 
New 
York Otselic River Susquehanna River 1935 SU_2 UMMZ UMMZ 109652 Muscle tissue 
USA 
New 
York Otselic River Susquehanna River 1935 SU_3 UMMZ UMMZ 109652 Muscle tissue 
USA 
New 
York Susquehanna River Susquehanna River 1935 SU_4 UMMZ UMMZ 109759 Muscle tissue 
USA 
New 




trib Rondout River to 




trib Rondout River to 




trib Rondout River to 




trib Rondout River to 
Hudson River Hudson River 1936 HU_4 UMMZ UMMZ 114240 Muscle tissue 
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York Allegheny River Alleghany River 1937 AL_1 UMMZ UMMZ 180878 Muscle tissue 
USA 
New 
York Allegheny River Alleghany River 1937 AL_2 UMMZ UMMZ 180878 Muscle tissue 
USA 
New 




Fall Creek, trib. to 




Fall Creek, trib. to 
Cayuga Lake, Etna Fall Creek 1931 FC_2 UMMZ UMMZ 94455 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR2 SAIAB AC09 B425 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR3 SAIAB AC09 B955 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR4 SAIAB AC09 B875 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR5 SAIAB AC09 B992 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR6 SAIAB AC09 B994 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR7 SAIAB AC09 B977 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR8 SAIAB AC09 B960 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR9 SAIAB AC09 B964 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR10 SAIAB AC09 B982 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR11 SAIAB AC09 B978 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR12 SAIAB AC09 B971 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR13 SAIAB AC09 B997 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR14 SAIAB AC09 B970 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR15 SAIAB AC09 B984 Muscle tissue 
SA 
Eastern 
Cape Elandsjacht Dam Krom 2012 KR16 SAIAB AC09 B963 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU1 SAIAB OW14-965 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU2 SAIAB OW14-985 Muscle tissue 
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Cape Rooikranz Dam Buffalo River 2014 BU3 SAIAB OW14-979 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU4 SAIAB OW14-941 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU5 SAIAB OW14-835 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU6 SAIAB OW14-828 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU7 SAIAB OW14-791 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU8 SAIAB OW14-700 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU9 SAIAB OW14-798 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU10 SAIAB OW14-688 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU11 SAIAB OW14-684 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2014 BU12 SAIAB OW14-808 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU13 SAIAB OW14-737 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU14 SAIAB OW14-735 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU15 SAIAB OW14-742 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU16 SAIAB OW14-724 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU17 SAIAB OW14-686 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU18 SAIAB OW14-797 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU19 SAIAB OW14-796 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU20 SAIAB OW14-675 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU21 SAIAB OW14-702 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU22 SAIAB OW14-744 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU23 SAIAB OW14-705 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU24 SAIAB OW14-782 Muscle tissue 
Stellenbosch University  https://scholar.sun.ac.za





Cape Rooikranz Dam Buffalo River 2015 BU25 SAIAB OW14-732 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU26 SAIAB OW14-746 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU27 SAIAB OW14-756 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU28 SAIAB OW14-738 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU29 SAIAB OW14-733 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU30 SAIAB OW14-739 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU31 SAIAB OW14-799 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU32 SAIAB OW14-715 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU33 SAIAB OW14-704 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU34 SAIAB OW14-762 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU35 SAIAB OW14-727 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU36 SAIAB OW14-690 Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU37 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU38 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU39 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU40 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU41 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU42 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU43 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU44 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU45 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU46 SAIAB  Muscle tissue 
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Cape Rooikranz Dam Buffalo River 2015 BU47 SAIAB  Muscle tissue 
SA 
Eastern 
Cape Rooikranz Dam Buffalo River 2015 BU48 SAIAB  Muscle tissue 
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Appendix 4.1. Size (A) and age (B) structure for the ten M. dolomieu populations sampled in 
































Appendix 4.2. Graphs illustrating the mean and standard deviation for each locality with regards 
to shape PC3 and shape PC4. The fish outline drawings depict the variation in fish body shape for 
each PC axis, with the light blue line representing the average shape for all fish, while the dark 
blue line represents the upper and lower body shape extremity (scale factor set to 0.08 and - 0.08, 
respectively). Different alphabetical letters above the bars indicate values with statistically 
significant differences (Bonferroni post hoc test; P < 0·05), while identical letters indicate no 
significant differences among means. The source population is depicted with an asterisks (*). 
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Appendix 4.3. The results from the MSPA analysis conducted on morphological traits (left), environmental variables (middle) and the 
redundancy analysis (RDA) (right). Eigenvalues are represented by insets. MEM1-3 in the RDA analysis are colour coded according to 
their strength of association (R2 value) with the independent environmental variables (insert bottom right of RDA figure). 
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